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SUMMARY 

This report describes the research on thermally stable ferrite materials 
tailored to laminated memory arrays operated at low current levels. For this 
application a ferrite combining low coercive force, small grain size, high 
Curie temperature, and high resistivity is necessary. 

The manganese-ferrous ferrite, manganese-lithium ferrite, and manganese- 
magnesium ferrite systems (including, in some cases, small amounts of other 
metal ions) are studied. 

A manganese-magnesium-zinc ferrite (. 10 ZnO-.27 MnO-. 315 MgO-. 315 FezO3) 
has the best combination of properties for laminated memory arrays. Arrays 
containing 256 x 100 conductors were successfully operated, without compen- 
sation, over a temperature range of 0°C to 50°C. 
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I. INTRODUCTION 

A. The Laminated Ferrite Memory 

The laminated ferrite memory, having a very rugged construction, high 
memory density, and fast switching at low power, is eminently suited to a 
space environment. Briefly, a laminated array is a monolithic sheet of ferrite 
with an embedded matrix of conductors. These conductors form two sets of insu- 
lated, mutually orthogonal windings. Each conductor intersection stores a 
binary information bit. Their operation is in a word-organized mode, with one 
set of windings used for read-write energization and the other set for the 
sense digit function. 
100 sense-digit conductors on 10-mil centers have been fabricated. 

Arrays with 256-word conductors on 10-mil centers and 

The ferrite material used in Phase I of this contract2 had fast-switching 
and low-drive characteristics. 
cessive changes in system operating characteristics as a function of ambient 
temperature. The use of this material in space vehicles would therefore proba- 
bly require temperature or current compensation. 

However, its low Curie temperature led to ex- 

The goal of the present work under the contract (Phase 11) is the synthe- 
sis of a material having the desirable characteristics of the material used in 
Phase I, but with greatly improved thermal properties. To achieve this sta- 
bility, a ferrite having a Curie temperature of at least 300°C is sought. The 
desired characteristics of such an improved ferrite were: 

0.5 Oe (coercive force) 

1000 G (remanent flux density) 

0.9 (squareness ratio) 

10 R-cm (resistivity) 

300" C (Curie temperature) 

0.5 psec-0e (switching coefficient) 

6 

The low coercive force (&) is necessitated by the limited current capa- 
bility of the integrated semiconductors (e.g., MOS transistors) that drive the 
memory. 
switching that is fast enough to yield reasonable signal levels and a short 
memory cycle time (< 3 psec). The laminated ferrite array geometry imposes a 
more stringent requirement on resistivity than cores would because the embedded 
conductors must be electrically isolated. 

The small switching coefficient (Sw) is used to provide element 

During the investigation, it has become clear that one important parameter 
to be controlled is the grain size in the ferrite. The laminated ferrite de- 
vice, toward which this entire effort is devoted, employs a ferrite plane with 
less than l-mil thickness between orthogonal printed conductors. Should the 
ferrite grains or crystallites themselves be of this dimension (approximately 

1 



25 microns) or greater, perturbations in signal output would be likely. There- 
fore, grain structure (< 10 p) is another goal of the project. 

B. RCA's Approach to the Laminated Ferrite Memory 

RCA's strong background on ferrites for computer applications, including 
thermally stable compositions, was a very valuable asset in evaluating the 
problems, and in establishing methods of attack, as well as in eliminating 
ferrite compositional systems that could not achieve the goals of the project. 

The ferrite systems chosen for investigation, the problems found, the 
methods employed in solving them, and the results achieved during the investi- 
gation are discussed in the sections that follow. Theoretical discussions as 
well as experimental results are given. The compositional ferrite systems de- 
lineated in this report represent the most promising compositions capable of 
yielding the contract requirements. We found that the optimum values of & 
desired properties are not attainable in a single composition. The necessary 
compromises will be understood from the discussion and data presented in the 
report. 

The ferrites were first evaluated by fabricating small pressed toroids, 
because they are the most useful geometry for the desired tests. 
progressed, laminated arrays of the promising materials were fabricated and 
tested. The material goals of the project were essentially achieved, and 
256 x 100-conductor memory arrays capable of meeting systems requirements were 
successfully fabricated. 

A s  the project 

The work described in this report was performed during the period June 1, 
1965 to June 30, 1966 at RCA Laboratories, Princeton, New Jersey, in the 
Computer Research Laboratory under the general supervision of Dr. Jan A. 
Rajchman. Dr. Rabah Shahbender is the Project Supervisor and Mr. Robert L. 
Harvey is the Project Scientist. In addition to the above, the following 
members of RCA Laboratories' staff contributed to the project: Dr. Irwin 
Gordon, Mr. Robert L. Noack, Mr. Matthew R. Orlando, Dr. Anthony D. Robbi, Mr. 
Stephen Schor, and Mr. Chandler Wentworth. 
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11. FERRITE COMPOSITIONS FOR COMPUTER APPLICATIONS 

Many ferrite systems are known which exhibit a rectangular hysteresis 
characteristic, a prime requirement for information storage in electronically 
alterable magnetic memories. However, the material goals of this project 
coupled with the structure and operating restraints of the laminated device 
eliminate most of these systems. 
in the NiFezO4 - NiMn2O4, NiFe204 - LiFe508, and NiFe204 - ZnMn2O4 systems. 
In each case, though, the coercive force values are many times too large for 
low-power operation, a requirement of efficient computer memories. 

For example, loop squareness may be observed 

I 

I 
For this project, a primary consideration is the thermal stability of the 

laminated memory. 

LiFe508 (Tc = 67OoC), but the coercive force of LiFe508 is several oersteds, 
much too high for this project. Of the simple ferrites (those containing a 
single divalent cation) that exhibit a Curie temperature of 300°C or greater, 
only MnFe204 can be prepared to have a square loop and a coercive force of less 
than 1 Oe for a grain size of less than 10 p. 

This means the use of a ferrite exhibiting a high Curie 
temperature. The ferrite possessing the highest Curie temperature known is I 

~ 

In earlier work at RCA Laboratories, it was found that attractive square 
loop properties (including low values of coercive force) can be attained when I 

LiF is substituted for manganese ferrite. Consequently, samples with a variety 
of sintering temperatures were prepared of Li-Mn-Fe ferrite compositions. 

- While the magnetic characteristics were generally good, the grain size was 
difficult to control. Figure 1 shows the rapid variation of grain size as a 
function of sintering1temperature of some of these compounds. In Figure 1, 
(a) shows small grains obtained when the firing temperature is restricted. At I 

_ _  a slightly higher temperature, the grains spontaneously grow to the size of 
the sample as shown in (c). In (b) the interesting process whereby some grains 
have grown to a large size at the expense of the small ones has been captured. 
Spontaneous grain growth led to the abandonment of lithium as a component in 
ferrites for the laminates. A detailed discussion of grain growth is presented 
in Section IV-D. I 

I. 5 0 4  I. 5OP-i  k504 
Figure 1. The process of spontaneous grain growth. 
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The Mn-Fe f e r r i t e  system, s i n t e r e d  a t  temperatures low enough t o  l i m i t  the 
g r a i n  s i z e  t o  less than 10 p, i s  too h igh  i n  coerc ive  force .  To reduce the  
c r y s t a l  an iso t ropy  ( t h e  major in f luence  on coercive fo rce ) ,  small s u b s t i t u t i o n s  
of c o b a l t  were made. Indeed, t h i s  r e s u l t s  i n  a decrease i n  coerc ive  force  t o  
an  acceptab le  va lue  f o r  g r a i n  s i z e  l e s s  than 10 p. Compositional changes t o  
inc rease  the  low r e s i s t i v i t y  o rde r s  of magnitude by second-phase a d d i t i v e s  were 
unsuccessful .  Rather, magnesium s u b s t i t u t i o n s  w e r e  found to  be most u se fu l ;  
they increased  the  r e s i s t i v i t y  from lo4 ,Q-cm t o  107 0-cm. Consequently, the 
system which b e s t  f u l f i l l e d  the  requirements i s  the Mg0-Mn0-Fe203 system. 

4 



111. SYNTHESIS OF FERRITE SAMPLES 

The p repa ra t ion  of f e r r i t e s  involves the s o l i d - s t a t e  r eac t ion ,  a t  e l eva ted  
temperatures,  of t he  c o n s t i t u e n t  ingredien ts .  While the  d e t a i l s  of p repa ra t ion  
have been given by many workers (e.g., Harvey, e t  al.3), the  s p e c i f i c  procedure 
used i n  t h i s  c o n t r a c t  i s  descr ibed  below. 

A. Pressed Cores 

1. The s t a r t i n g  ing red ien t s ,  such as Fe2O3, MnC03, LiF, etc., are weighed t o  
supply the  predetermined molar composition. All s t a r t i n g  materials w e r e  r eagen t  
grade.  * 
2. 
as the  vehic le .  

3. The powder, a f t e r  drying, i s  p r e f i r e d  (ca lc ined)  a t  temperatures between 
800°C and 1100°C. 
ing red ien t s  i s  complete, but  ex tens ive  s i n t e r i n g  has not  taken place.  I n  a l l  
cases, the hea t ing  and cool ing  rate i s  160"C/hour. 

4 .  The ca l c ined  f e r r i t e  i s  aga in  b a l l  mi l led ,  us ing  a lcohol  as the  vehic le ,  f o r  
a s u f f i c i e n t l y  long t i m e  t o  r e s u l t  i n  a powder p a r t i c l e  s i z e  of one micron o r  
less, Addit ional  mixing occurs  during the  gr inding  i f  t h e  ca l c ined  material i s  
inhomogeneous. I n  some ins tances ,  i t  i s  d e s i r a b l e  t o  r epea t  the  c a l c i n i n g  and 
g r ind ing  s t eps .  

5. A f t e r  t h e  ground powder i s  dr ied,  i t  i s  mixed w i t h  a temporary b inder  
s u i t e d  t o  the  subsequent press ing  equipment. I n  t h e  present  case, 3% by weight 
of Flexalyn"" i s  used because the  r e s u l t  i s  a f ree- f lowing  powder w e l l  s u i t e d  
t o  the  automatic  molding equipment. 

6 .  Small t o r o i d a l  co res  (about 0.210 c m  OD, 0.135 c m  I D ,  and 0.08 c m  th ickness)  
are formed on an  automatic  machine using a p res su re  of about 40,000 ps i .  

7. The co res  are placed i n  a tube furnace f o r  t h e  f i n a l  f i r i n g  us ing  a n  ap- 
p r o p r i a t e  temperature,  t i m e ,  and atmosphere t o  r e s u l t  i n  t h e  d e s i r e d  f e r r i t e  
s ta te  and g r a i n  growth. 

The ing red ien t s  are then  mixed homogeneously by b a l l  mi l l ing ,  us ing  a lcohol  

The temperature i s  chosen such t h a t  t h e  r e a c t i o n  between the  

I n  a l l  cases  the  hea t ing  and cool ing  ra te  i s  160"C/hour. 

Pressed co res  are used i n  a l l  the materials exp lo ra to ry  work because they 
a l low p e r t i n e n t  measurements t o  be made of t he  s t a t i c  p rope r t i e s ,  pu lse  switching 
p r o p e r t i e s ,  and temperature  s t a b i l i t y ,  as w e l l  as pe t rographic  a n a l y s i s  of t he  
g r a i n  s i z e  and s t r u c t u r e .  

J; 

Fez03 - J. T. Baker, Lot 23480 
MnC03 - J. T. Baker, Lot 22943 
MgC03 - J. T. Baker, Lot 37188 
LiF - J. T. Baker, Lot 25380 
ZnC03 - J. T. Baker, Lot 21251 

Obtained from Hercules Company 
J;* 
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B. Laminated F e r r i t e  Arrays 

The fol lowing procedure i s  used t o  f a b r i c a t e  256 x 100-conductor c r o s s -  
over a r r ays :  

1. The ground f e r r i t e  powder, from s t e p  4 above, i s  mixed w i t h  a n  organic  
compound c o n s i s t i n g  of Butvar: Flexol D.O.P. , 
disso lved  i n  methyl e t h y l  ketone. The f e r r i t e  powder and organics  are mi l l ed  
t o  form a ferr i te  s l u r r y .  

2 .  The f e r r i t e  s l u r r y  i s  used t o  prepare s h e e t s  of f e r r i t e  by t h e  "doctor- 
blading" techique.  I n  t h f s  technique, the  s l u r r y  i s  spread i n  an  even l a y e r  on 
a g l a s s  s u b s t r a t e  by t h e  sweeping a c t i o n  of a b lade  ( ca l l ed  a "doctor-blade") 1 
he ld  a t  a cons t an t  d i s t a n c e  above the g l a s s  sur face .  The bladed s l u r r y  i s  a i r -  1 
dr i ed ,  r e s u l t i n g  i n  a shee t  of ferr i te  powder, held f i rmly  toge ther  by the  
b inder .  Af t e r  drying,  the  shee t  i s  e a s i l y  peeled from the  g l a s s  sur face .  

3 .  The dry  doctor-bladed ferr i te  shee ts  ( cu t  t o  1-11/16 in .  x 4-3/16 in . )  are 
embossed t o  form grooves which a r e  f i l l e d  w i t h  t h e  conductor pas te .  One shee t  
has embossed l i n e s  i n  a lengthwise d i r e c t i o n  and one shee t  has  embossed l i n e s  
i n  a crosswise d i r e c t i o n .  This arrangement, wi th  a t h i n  in te rmedia te  f e r r i t e  
shee t ,  subsequent ly  r e s u l t s  i n  two sets  of i n su la t ed ,  mutually or thogonal  
windings. 

4.  

** and T e r g i t o l  non-ionic  TMN** 

I 

I 

I 

The grooves of t h e  f e r r i t e  a r e  f i l l e d  wi th  a plat inum conductor pas te .  
I 

blank  spacer  f e r r i t e  sheet ,  and one f e r r i t e  shee t  having crosswise conductors 1 
i s  accomplished i n  a hot  pressure  die .  This forms a compact f e r r i t e  assembly , 
ready f o r  t h e  f i n a l  f i r i n g .  

~ 

6. The f e r r i t e  assembly, from s t e p  5, i s  placed between two spaced setter 
p l a t e s .  The assembly i s  heated on a hot  p l a t e  (about 500°C) s u f f i c i e n t l y  long 1 
t o  remove t h e  organic  binder.  

7 .  The f i n a l  f i r i n g  i s  c a r r i e d  out  i n  a n  e l e c t r i c  furnace having a gas t i g h t  I 

muff le .  The hea t ing  and cool ing  rate i s  160°C per  hour. The top  temperature 
(between 1000°C and 1275°C) i s  held f o r  24 hours.  The e n t i r e  schedule  i s  
c a r r i e d  out  

5.  The lamina t ing  of one f e r r i t e  sheet  having lengthwise conductors,  one 

i n  an  atmosphere of CO2. I 

A t  t he  t i m e  of the  f i n a l  f i r i n g  of the a r r ays ,  s m a l l  t o r o i d s  of t he  s a m e  , 
doctor-bladed material are a l s o  f i r e d .  These t o r o i d s  are used t o  measure S,, 
Hcl B, and (Br/Bm). Also, the  to ro ids  a r e  used f o r  pe t rographic  observa t ions  I 

of the  g r a i n  s i z e  and d i s t r i b u t i o n .  The t o r o i d s  are c u t  from a laminate  com- 
p r i s i n g  t h r e e  doctor-bladed shee ts .  The average dimensions of t he  s i n t e r e d  
doctor-bladed t o r o i d s  are: OD = 0.47 cm, I D  = 0 . 3 3  cm, and Th = 0.018 cm. 

* 
J;Jc 

Obtained from Shawinigan Resins, Spr ing f i e ld ,  Mass. 

Obtained from Union Carbide and Chemical Corp. 
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I V .  FERRITE CHARACTERISTICS 

A. Magnetic Induct ion  

F e r r i t e s  can be cha rac t e r i zed  by the  formula MeFe204, where M e  i s  a 
m e t a l l i c  c a t i o n  nominally assigned a valence of *. Fe has a nominal va lue  of 
*, and the  oxygen anion always has a valence of --. Therefore,  t he  formula, 
more accu ra t e ly ,  may be shown as Me*FeW20--4. Moreover, t he  f e r r i t e s  have 
a cubic  c r y s t a l  s t r u c t u r e .  The c r y s t a l  i s  made up of a pe r iod ic  d i s t r i b u t i o n  
of c a t i o n s  and anions;  and one can imagine a u n i t  ce l l ,  which, when repeated 
i n  space, w i l l  reproduce the  c r y s t a l .  
a re  8 (MeFe20q) i n  a u n i t  ce l l ,  i . e . ,  8 Me* ca t ions ,  16 Fe* ca t ions ,  and 
32 0-- anions.  

For f e r r i t e s  of t h e  type  MeFe204, t he re  

The geometr ical  arrangement of the  32 close-packed oxygen anions produces 
two types of i n t e r s t i c e s ,  o r  sites, between the  anions:  one, surrounded by 4 
oxygen anions,  i s  t h e  t e t r a h e d r a l  s i t e  (A s i t e ) ,  and one, surrounded by 6 
oxygen anions,  i s  the  oc tahedra l  s i t e  (B  s i t e ) .  I n  a f e r r i t e  u n i t  cel l ,  96 
s i t e s  e x i s t  between the  oxygens, 64 being t e t r a h e d r a l  and 32 being oc tahedra l .  
The c a t i o n s  have been found t o  be d i s t r i b u t e d  i n  two ways i n  these  s i tes :  One 
wi th  a l l  8 Me* c a t i o n s  i n  the  t e t r a h e d r a l  s i tes  and 16  Fe- c a t i o n s  i n  the  
oc t ahedra l  s i tes ;  the  o t h e r  w i t h  8 Few c a t i o n s  on the  t e t r a h e d r a l  s i tes ,  and 
the  o t h e r  8 Fe* c a t i o n s  grouped wi th  8 Me* c a t i o n s  i n  the  oc tahedra l  s i tes .  

The f i r s t  d i s t r i b u t i o n  i s  c a l l e d  a normal f e r r i t e ,  and the  second d i s t r i -  
bu t ion  is  c a l l e d  a n  inverse  f e r r i t e .  
i s  formed. 
f e r r i t e  i s  formed. The normal sp ine l  i s  not  magnetic, bu t  as w i l l  be shown, 
i t  has an important r o l e  i n  mixed f e r r i t e s ,  those of most importance t o  t h i s  
p ro jec t .  

When Me i s  Zn* o r  Cd*, a normal f e r r i t e  
When Me i s  Co*, Fe*, Mg*, Mn*, Ni*, o r  Cu*, t he  inverse  

The f e r r i t e  i s  of course,  e l e c t r i c a l l y  n e u t r a l ;  i .e.,  the  t o t a l  c a t i o n  
charge must equal  the  t o t a l  an ion  charge. Therefore,  ca t ions  of valence 
d i f f e r e n t  from * o r  * may be d i s t r i b u t e d  i n  the  oxygen i n t e r s t i c e s .  

I n  manganese f e r r i t e  (MnFe204) the  ion ic  d i s t r i b u t i o n  i s  thought t o  be 
M n ~ F e ~ [ M n ~ F e ~ ] O 4  where the  ca t ions  ou t s ide  the  bracke ts  are on the A 
s i tes  and those  w i t h i n  the  bracke ts  are on the  B s i t e s . 4  

This 
occurs  f o r  the  compound LiFe508, where the  s i t u a t i o n  i d e a l l y  i s  Fe*[Li!sFel +-I+ 5]04. 

Each of the  s u b l a t t i c e s ,  r e f e r r e d  t o  above as A and B sites, has a 
magnet iza t ion  (moment) va lue  dependent on i t s  e l e c t r o n i c  s p i n  conf igura t ion .  
I n  f e r r imagne t i c  materials ( f e r r i t e s )  t h e  magnet izat ion i s  the  r e s u l t  of t he  
s u b t r a c t i o n  of the  A s i t e  magnet izat ion from t h e  B s i t e  magnet izat ion.  Thus, 
a net magnet izat ion i s  what i s  observed. Zinc has a s t rong  preference  f o r  A 
sites and, when incorpora ted  i n  a f e r r i t e ,  t he  nonmagnetic Zn* ion  d i sp laces  
Fe* and fo rces  the  i r o n  t o  occupy B s i tes .  This r e s u l t s  i n  a lower moment 
of t he  A s i t e  s u b l a t t i c e  and, consequently,  an  increased  s a t u r a t i o n  magnetization. 

The goal  r e l a t i n g  t o  the  remanent magnet izat ion of 1000 G o r  g r e a t e r  has 
been r e a d i l y  achieved during the  experimental  i n v e s t i g a t i o n  us ing  pressed 
cores .  
s a t u r a t i o n  magnet izat ion would be f l10  G. 

With a squareness  r a t i o  (B /Bm) of a t  least  0.90, the  minimum value  of 
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The fol lowing da ta ,  from Smit and Wijn,5 are of i n t e r e s t  as a comparison 
w i t h  our experimental  r e s u l t s :  

F e r r i t e  4nM * 

FeFe204 . . . . . . . . . . . .  6000 

MnFe204 . . . . . . . . . . . .  5000 

MgFe204 . . . . . . . . . . . .  1500 

Li.5Fe2.504 . . . . . . . . . .  3900 

it 
4.rrMs i s  the  s a t u r a t i o n  magnet izat ion 
i n  gauss.  

Two equipments are a v a i l a b l e  t o  determine the  h y s t e r e s i s  of t o r o i d s  
c h a r a c t e r i s t i c .  One equipment au tomat ica l ly  d i sp l ays  t h e  dc h y s t e r e s i s  loop 
on a n  X-Y recorder .  Because of t he  low rate of f l u x  change and t h e  s m a l l  
volume of the  core ,  s eve ra l  s tacked cores  are l inked  by common windings. A 
400-Hz loop tracer, r equ i r ing  only a s i n g l e  core ,  i s  a l s o  used. The h y s t e r e s i s  
loop i s  d isp layed  on a n  osc i l loscope  and can be photographed f o r  a permanent 
record .  I n  general ,  the  r e s u l t s  of the  two measurements are i n  s a t i s f a c t o r y  
agreement. From t h e  h y s t e r e s i s  c h a r a c t e r i s t i c  t h e  va lues  of Hc, Bm, and Br 
are obta ined .  Also, t he  general  shape of t h e  loop has been found t o  be 
va luab le  i n  e s t ima t ing  the  performance of t h e  material under pu l se  opera t ion .  

Refer r ing  t o  Table I, which shows Bm va lues  ( t h e  magnet izat ion f o r  t h e  
maximum dr ive)  f o r  a l l  t he  samples t e s t ed ,  t h e r e  i s  a s u b s t a n t i a l  v a r i a t i o n  of 
Bm as t h e  molar composition i s  changed. Also, t h e  f i r i n g  temperature in f luences  
the  B, va lues  t o  some ex ten t ,  because of d e n s i t y  changes. 

Composition No.  1 9  (MnFe204) has a maximum Bm value of about  3900 gauss.  
This  i s  i n  s a t i s f a c t o r y  agreement wi th  t h a t  shown by Smit and Wijn,5 e s p e c i a l l y  
when w e  cons ider  t h a t  our measurements were made w i t h  a magnetizing f i e l d  much 
lower than a s a t u r a t i n g  f i e l d .  

The lowest  va lues  of B, are found i n  those  compositions con ta in ing  a 
s u b s t a n t i a l  f r a c t i o n  of MgFe204 ( for  example, Composition No. 51) .  Values of 
Bm i n  the  o rde r  of 1700 gauss are appropr ia te  f o r  these  compositions having a 
s u b s t a n t i a l  concen t r a t ion  of nonmagnetic Mg c a t i o n s  on the  B sites. 

Data on doctor-bladed t o r o i d s  a r e  given i n  Table 11. The Bm va lues  f o r  
t hese  co res  are considerably less than the  Bm va lues  shown i n  Table I f o r  the  
corresponding pressed cores ,  The reason f o r  t h i s  d i f f e r e n c e  i s  twofold. F i r s t ,  
t he  d e n s i t y  of the  doctor-bladed cores  i s  about 80 t o  90% of t h a t  of pressed 
co res .  Secondly, and more importantly,  the  d r i v e  f i e l d  used t o  measure the  
doctor-bladed co res  i s  considerably less than t h a t  used t o  measure the  pressed 
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TABLE I 
F E R R I T E  C H A R A C T E R I S T I C S  - P R E S S E D  C O R E S  

F I R I N G  - 

PC! I (hr.) I R C A  NO. 
Tern . T i m e  

P H C  Bm , B P m ’  SW* * GRAIN SIZE 

(Q-crn) (Oe) (GI (I*sec-Oe) (Microns)  

22241-5 J 
2 2241- 5P 
22241- 11A 
2 2 241- 1 ID  

1150 
1250 
1275 
1300 

22241-5K 
2 2 24 1- 5Q 
22241-1 1B 
22241- 11E 

2 air(Q) 2.5 2970 0.94 0.41,’ 90%<lOp 10%-160p 
2 air(Q) 0.27 3020 0.96 0.40/0.94 50%- l60p 50%- 320p 
2 air(Q) 0.32 3210 0.95 0.60/0.94 100%-320p 
2 air(Q) 0.34 2680 0.96 0.741’ 100%-320~( 

22241- 5L 
22241-5-0 
22241- 5R 
22241-11F 

2 

2 
2 

2 

air(Q) 1.94 2930 0.91 0.40/ 

air(Q) 0.25 2510 0.95 0.7 5/ 1.7 5 100%- 3 20p 
air(Q) 0.23 2800 0.98 0.73/0.7 3 100%- 160p 

air(Q) 0.25 2550 0.92 0.64/ 100 %- 3 20p 

1050 
1250 
1275 
1300 

2 
2 
2 
2 

1150 
1200 
1250 
1300 

air(Q) 1.66 2640 0.93 0.4w0.48 100%<lOp 
air(Q) 0.84 2650 0.94 0.43/0.87 40%- 20p 60% 3201.1 
air(Q) 0.51 2520 0.94 0.64/ 50% 20p 50%320t1 
air(Q) 0.63 3040 0.95 0.65/ 60%-40p 407r3201.1 

N, 
N, 
N2 
N, 

air* 

3.0 IO* 870 poor loop loo%< lop 
2.0 lo4 1.34 2000 0.80 100 %< 1 op 
2.0 x lo4 1.22 1830 0.74 759dlOp 25%80p 
2.0 x I O 4  0.95 2140 0.86 50%<10p 50%-80p 

lo5 0.71 2970 0.88 75%<lOp 25%-320~ 

22241- 8 1U 
22241-83G 
2 2241- 83 A 
28749- 17K 
22241-83D 

22241-81V 1000 24 N, 
22241-83H 1050 24 N, 
22241-83B 1100 24 N, 
28749-17L 1125 24 N, 
22241-83E 1200 2 air* 

1000 
10 50 
1100 
1125 
1200 

9 x lo3 990 poor loop lOO%<lOp 
7.0 x lo3 0.81 2350 0.88 100%- l60p 
7.0 x lo3 0.75 2500 0.80 100% 160p 
9 . 0 ~  10, 0.52 2520 0.92 100%- 160p 

lo4  1.42 2600 0.90 lOO%<lOp 

24 
24 
24 
24 

2 

22241-81W 
22241-831 
22241-83C 
28749-17H 
22241-83F 

1000 24 N, 3.0 x lo3  900 poor loop loo%< lop 
1050 24 N, 2.0 x lo3 0.24 3020 0.97 0.67/1.2 100%-320p 
1100 24 N, 3.0 x 10, 0.30 3540 0.90 0.70/ 1.0 100%- 250p 
1125 24 N, 3.0 x 10, 1.10 
1200 2 air* lo4 1.22 3140 0.88 85%<10p 15%-200b 

, *Indicates that the samples were inserted into and removed from the hot furnace. 
(Q) = Quenched. 
**Sw values for high drive/low drive. 
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TABLE I (Cont'd.) 
F E R R l T E  C H A R A C T E R I S T l C S  - P R E S S E D  C O R E S  

F I R I N G  
RCA NO. 

Temp. ("C) 

G R A I N  SIZE 

(Microns) 
B/"m 

P HC Bm 

( f i -cm)  (Oe) (GI 

28749- 16J 
- 17D 
- 16D 
- I6P 

I 
~ ~~ 

I 

COMPOSITION NO. 17B (.028CoO- .028LiF-. 424Mn0-. 521Fe203) 

1025 3.0 io4 1.78 3550 0.86 lOO%<lOp 50% 320 
1035 io4 1.51 3650 0.88 50%<10p 50%320p 
1050 2.0 103 0.22 3150 0.96 100%320p 
1075 2.0 103 0.21 3070 0.91 100%-320p 

28749- 16K 
- 17E 
- 16E 
- 16Q 

1025 103 2.36 3600 0.88 100%<lOp 
1035 7.0 x lo2 1.93 3680 0.90 95%<10p 5%80p 
1050 1.3 x I O 2  0.27 2880 0.88 15%<10p 85%-320p 
1075 1.3 x IO2 0.26 3040 0.88 100%-320p 

All firings for 24 hours in N,. 

28749- 7B 
-7R 
-7K 
-7 E 

I 

i 
I 

I 

1 

r -- 
t- 

1025 720 poor loop 
1035 3.0 x lo2 2.00 40 50 0.88 100%40p 
1050 IO2 0.25 3720 0.90 100%- 320p 
1075 40 0.23 3100 0.90 100%- 320p 

10 

I I 

28749- 16L 1025 1.21 
-17F 1035 0.90 
- 16F 1050 0.22 
-1 6R 1075 0.20 
-1 7P 1100 0.19 

L 

3630 0.84 loo%< lop 
3850 0.86 90%<10p 10%- l60p 
3210 0.83 100%-320p 
3100 0.83 100%- 320p 
3340 0.80 100%-320p 

28749- I6H 
-17B 
- I6B 
-16N 

COMPOSITION NO. 17A (.O 14CoO- .029LiF-. 437Mn0-. 5 2Fe203)  

1025 1.73 3900 0.88 98%<10p 2%-80p 
1035 1.51 4080 0.92 85%<10p 15%-320p 
1050 0.29 3280 0.88 100%-32Op 
1075 0.24 3100 0.88 100%-320p 

28749- 161 
- 17C 
-16C 
- 16-0 

1025 
1035 
1050 
1075 

1.30 
1.13 
0.27 
0.22 

3880 0.79 90%<10p 10%- 160p 
3700 0.83 8 5%< lop 15%- l60p 
2900 0.74 5%<10p 95%-32Op 
3000 0.70 100%- 320p 



TABLE I (Cont’d.) 
F E R R I T E  C H A R A C T E R I S T I C S  - P R E S S E D  C O R E S  

RCA No* G R A I N  SIZE P HC Bm sw F I R I N G  
Temp. P C )  (Q-cm) (Oe) (GI Br’Bm bsec-oe) ( M i c r o n s )  

28749- 35A 
- 27E 
- 27D 
-23s 
-27A 
-23P 

28749-10A 
- 10D 
- 10G 
-1OJ 
- 171 
-23A 
-23L 
- 39A 
- 30A 

1020 lo3 1.09 3440 0.91 10%<lOp 90%-80p 
1035 lo3 0.63 3380 0.95 100%-80p 
10 50 1.7 x lo3 0.61 3420 0.95 100 %- 8 0 ~  
1075 1 . 2 ~  lo3 0.57 3150 0.94 100 %- 80p 
1125 1.2 x lo3 0.53 3310 0.90 100 %- 801.1 
1175 lo3 0.48 3370 0.89 100 %- 801.1 

28749- 7A 
- 7 4  
-7J 
- 7D 
-7G 
- 7M 
- 23C 
-23M 
-39B 
- 30B 

28749- 35 B 
- 27F 
-27-0 

1025 
1050 
1075 
1100 
1125 
1150 
1175 
1075* 
1125* 

1020 2.0 x lo2 0.77 3250 0.90 20%<10p 80%-80p 
1035 IO3 0.71 3320 0.92 50%-40p 50%-80~  
1050 3.0 x l o 3  0.71 3300 0.93 50%-40p 50%-80p 

1025 
1035 
1050 
1075 
1100 
1125 
1150 
1175 
1075* 
1125* 

28749-7C 1025 
- 7 s  1035 
-7L 1050 
-7F 1075 
- 71 1100 
-7N 1125 

lo4  
2.0 x 102 

102 
102 
IO2 
102 
103 
103 

3.0 x lo2 

145 poor loop 
2.32 3500 0.89 100%<1Op 
0.32 3320 0.86 10%-80p 90%-320p 
0.49 3330 0.83 100%320p 
0.37 3550 0.83 100%320p 
0.37 3480 0.67 100%- 3 20p 

3170 

0.90 
0.90 
0.88 
0.92 
0.92 
0.91 
0.94 
0.95 
0.94 

0.50/0.6 1 

COMPOSITION NO. 19A (.03Co0-.47MnO-. 50Fe203) 

2.5 103 
3.3 x 102 

3.3 x 10, 
4.0 1 0 3  

4.0 x lo2 

3.0 x lo2 
5.0 x lo2 
7.0 x lo2  
7.0 x lo2 

3310 

0.53 

poor loop 
0.72 
0.72 
0.80 
0.77 
0.74 
0.86 
0.69 
0.86 
0.86 

0.34/0.38 
0.3 3/0.47 
0.24/0.5 2 
0.24/0.74 
0.21/0.35 

100%<1Op 
100%<lOp 
loo%< lop 
100 %< 1 op 
100%<lOp 
100%<10p 

lOO%<lOp 
90%<10p 10%-40p 

95%-20p 5%-80p 

100 %<lop 
100%<1Op 
1 OO%< 1 op 
100 %< 1 op 
100 %< 1 op 
100%<10p 
100%<1Op 
100 %< 1 op 
80%<10p 20%-16Op 

*All firings for 24 hours in N, (except as noted below). 
28749-39A, -30A, -39B, and -30B were fired for 60 hours. 
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TABLE I (Cont’d.) 
F E R R I T E  C H A R A C T E R I S T I C S  - P R E S S E D  C O R E S  

FIRING 

Temp. ( OC I RCA NO. 
GRAIN SIZE 

Br’Bm (Microns)  
P HC Bm 

( a - c m )  (Oe) (GI 

COMPOSITION NO. 19B (.015Co0-.485MnO-. 50Fe203) I 

- 39c 
- 30C 

28749- 16G 
-17A 
-16A 
- 16M 
- 17-0 
-17J 
-23B 
-23N 

1075* 103 0.83 3880 0.85 
1125 7.0 x 10’ 0.65 36 20 0.88 

1025 
1035 
1050 
1075 
1100 
1125 
1150 
1175 

28749- 17W 1035 
-172 1050 
-23J 1075 

3.3 x lo2 
3.3 x lo2 
3 .3x  102 
3.3 x 102 

102 
3.3 x 102 

102 

2.7 x lo2 

7.0 x lo2 1.17 3470 0.87 loo%< lop 
3.3 x lo2 1.47 3480 0.85 100%<1Op 
1.7 x l o 2  1.27 3680 0.87 90%<10p 10%- 20p 

1.67 
1.37 
1.28 
0.98 
0.83 
0.80 
0.70 
0.67 

28749-23T 
- 27B 
-234 

3430 
4000 
3900 
3600 
3440 
3900 
3700 
2860 

107 5 103 1.23 3940 0.95 100 %< 1 op 
1125 7.0 x lo2 0.68 3780 0.92 75%<10p 25%-80p 
1175 3.5 x 102 0.61 3720 0.96 50%<10p 50%- 160p 

0.88 
0.89 
0.86 
0.89 
0.89 
0.86 
0.89 
0.88 

28749-23U 
-27C 
-23R 

1075 8.0 x lo2 1.30 3920 0.94 90%<10p 10%-320p 
1125 7.0 x 10’ 0.74 3400 0.94 60%<10p 40%-80p 
1175 103 0.56 3550 0.95 50%<10p 50%-160p 

loo%< lop 
loo%< lop 
loo%< 1 op 
loo%< lop 
909610p 109&80p 
90%<10p 10%160p 
9O%<lOp 10%-80p 
90%<10p 10%-80p 
95%<10p 5%80p 
95%<10p 5%-80p 

28749- 27G 1035 
-27P 10 50 

7.0 x 10’ 1.65 3 260 0.95 loo%< lop 
7 . 0 ~  lo2 1.46 3530 0.90 100 %< lop 

28749- 27H 1035 
- 274 1050 

3.3 103 1.90 3650 0.91 lOO%<lOp 
2.3 103 1.70 3550 0.92 100%<1Op 

12 

28749-35C 
- 271 
-27R 

1020 1.3 103 0.74 3500 0.93 50%-40p 50%-80p 
10 35 3.3 x lo2 0.67 3700 0.91 100%- 80p 
10 50 2.0 x lo2 0.67 3480 0.92 100%-80p 



TABLE I (Cont'd.) 
F E R R I T E  C H A R  A C T  E R IST I C s  - P R E S S E D  C O R  E S 

FIRING P 
Temp. ("C) (Q-cm) 

RCA NO. HC Bm B,/B,, GRAIN SIZE 
(Oe) (GI (Microns) 

28749-27 J 
- 27s 

1035 103 1.14 3430 0.89 100 %<lop 
1050 2.0 x lo2 1.06 3440 0.88 lOO%<lOp 

28749-351 
-35R 
-49T 

28749-35H 1035 103 1.00 3220 0.86 
-354 1050 7.0 x l o 2  0.89 4050 0.87 
-49s 1150 2.0 x lo2 0.46 3960 0.88 

100 %<lop 
100 %< 1 op 
95%<10p 5%-80p 

100 %<lop 
lOO%<lOp 
95%<10p 5%-80p 

1035 
1050 
1150 

3.0 103 1.50 39 20 0.90 
3.0 103 1.23 3760 0.90 
7.0 x l o2  0.85 3700 0.89 

28749-10B 
-lOE 
- 10H 
- 10K 
- 17M 
- 23E 
-23-0 
- 20B 

28749-35 J 1035 
-35s 1050 

102 0.59 3260 0.80 100%-80p 
2.0 x lo2 0.56 3280 0.79 100%-40p 

*All firings for 24 hours in N, (except that -20B was fired for 60 hours). 
sw for 10K = 0.31/0.47 psec-Oe. 

28749-35K 
-35T 

100%<1 op 
lO0%<1Op 
95%<10p 5%-80p 
75%<1 Op 25%-80p 
75%<lOp 25%- 160,~ 
60%<10p 40%- l60p 
50%<10p 507r8Op 
100%<lOp 

1035 103 1.60 3310 0.71 100 %< 1 op 
1050 103 1.40 3360 0.69 lOO%<lOp 

13 

28749- 35L 1035 102 
-35u 10 50 2.0 x lo2 

1 -  

1.50 21 20 0.63 100%- 20p 
1.34 2160 0.64 100%- 20p 

28749-56D 1050 4.0 103 
-56J 1150 8.0 x lo2 

1.69 2900 0.90 100 %<lop 
0.67 3470 0.93 90%- 2011 10%-80p 

1025 
1050 
1075 
1100 
1125 
1150 
1175 
1010* 

105 1.85 3640 0.90 
lo4 1.65 3720 0.90 
lo4 1.10 3550 0.90 

2.0 103 0.87 3760 0.90 
2.0 103 0.61 3270 0.94 
3.0 103 0.65 3360 0.95 
2.0 103 0.64 3410 0.95 

lo4 1.50 3700 0.94 



TABLE I (Cont’d.) 

F E R R I T E  C H A R A C T E R I S T I C S  - P R E S S E D  C O R E S  

P FIRING 
Temp. PC) ( R - C l l l )  

RCA NO. 
GRAIN SIZE 

B A l  (Microns) 
Hc Bm 
(Oe) (GI 

28749- 27K 1035 2.0 io4 
- 27T 1050 1.7 io4  

1.88 35 20 0.92 lOO%<lOp 
1.69 3460 0.92 lOO%<lOp 

28749- 27L 1035 7.0 io4 
-27U 1050 3.5 io4 

I All  firings for 24 hours i n  N,. 

1.98 3150 0.91 100 %<lop 
1.77 3180 0.94 90%<10p 10%- l60p 

14 

28749-35D 1020 7.0 103 0.57 3 300 0.91 
-27M 1035 2.0 103 0.49 3300 0.93 
- 27V 1050 2.0 103 0.46 3000 0.93 

100%-80p 
50%-80p 50%-160~ 
50%-80p 50%- l60p 

28749- 27N 1035 io4 
- 27W 1050 104 

1.06 3420 0.90 100%<1Op 
1.02 2 900 0.90 100 %< 1 op 

28749- 35G 1035 1.3 lo4 
- 35P 1050 lo4 

1.14 3 370 0.88 100 %<lop 
1.00 4140 0.90 100 %< 1 op 

28749- 35M 1035 2.0 103 
-35v 10 50 2.2 103 

1.20 20 20 0.74 100%- 20p 
1.14 2380 0.70 100%- 20p 

28749- 1OC 1025 10 2.16 
- l O M  1035 7.0 103 0.91 
-lOF 1050 7.0 x lo3 0.29 
- 101 1075 3.3 103 0.25 
- 10L 1100 3.3 103 0.26 

3270 0.90 100%<lOp 
3030 0.95 50%<10p 50%-320p 
3000 0.93 5%<10p 95%- 3 2 0 ~  
3100 0.95 100%-320p 
3040 0.94 100 %- 3 20p 

28749- 1 7 4  1035 3.3 x lo2 1.80 
- 17V 1050 2.2 x 102 1.50 
-23F 1075 102 0.70 

3940 0.91 100%<10p 
3860 0.89 75%<lOp 25%-80p 
3440 0.94 30%<lOp 70%- 3 2 0 ~  

28749- 17R 
-17W 
- 23G 

1035 103 1.80 3800 0.91 90%<10p 10%- 160p 
1050 7.0 x lo2 1.60 37 20 0.90 85%<10p 15%16Op 
1075 3.3 x lo2 0.93 3 270 0.93 50%<10p 50% i6Op 



TABLE I (Cont’d.) 
F E R R I T E  C H A R  A C T E  R I S T  I C s  - P R E S S E D  C O R E S  

FIRING 
Temp. (OC) RCA NO. c- G R A I N  SIZE 

Bm B P m  (Microns) 
P Hc 

(Q-cm)  (Oe) (G) 

28749- 17s 1035 2.7 x IO3 
- 17X 1050 1.7 103 
- 23H 1075 1.7 x lo3  

1.86 3520 0.90 10O%<lOp 
1.65 3700 0.92 lO0%<1Op 
1.08 3 200 0.91 70%<10p 30%-320p 

28749- 17T 1035 5.0 x IO3 
- 17Y 1050 3.3 x 103 
-231 1075 1.7 x IO3 

28749- 49A 
- 49G 
- 49M 
- 49u 
- 5 8 M  

1.78 3510 0.89 100 %< l op  
1.60 2860 0.92 80%<lOp 20%-80p 
1.10 3 170 0.93 50%<10p 50%-320p 

1050 
1100 
1150 
1150* 
1200 

28749-49D 1050 
-49J 1100 
- 49P 1150 
- 49x 1150* 
- 58N 1200 

2.2 i o4  
2.0 io4 

io4 
6.0 lo4 
4.0 x IO3 

1.2 io4 0.63 3850 0.69 100 %<lop 
i o 4  0.49 3840 0.72 100 %<lop 

9.0 x IO3 0.35 3670 0.78 100%<10p 
1.8 x io4 0.56 2820 0.75 100%<10p 
2.5 x IO3 0.28 3300 0.83 98%<20p 2%-40p 

1.63 
1.29 
1.01 
0.99 
0.75 

28749-56E 1050 5.0 IO* 
- 56K 1150 3.0 x lo4 
- 56U 1150* 4.5 x 103 
-58-0 1200 3.6 x IO3 

3140 
3350 
3350 
3060 
3500 

1.79 30 20 0.91 100%<10p 
0.72 3110 0.93 95%<20p 5%-80p 
0.89 2860 0.93 75%<20p 25%-80p 
0.61 2990 0.95 85%<25p 15%-160p 

0.93 1 0 ;  

I150 
1150* 
1200* 

100 %< 1 op 
100%<10p 
100%<lOp 
loo%< l op  
80%<20p 20%-80p 

7.0 io4 0.98 2600 0.94 loo%< l o p  
5.0 io4 1.20 2970 0.90 100 %< 1 op 
4.0 IO* 0.85 29 20 0.94 100%<lOp 

28749- 56N 1150t 105 1.35 
- 56X 1150* 3.0 104 1.61 
- 58G 1200* 3.0 io4 1.16 

2460 0.92 100 %< 1 op 
3770 0.89 100%<lOp 
2730 0.95 95%<10p 5%-40p 

15 



TABLE I.  (Cont'd,) 
F E R R I T E  C H A R A C T E R I S T I C S  - P R E S S E D  C O R E S  

F I R I N G  
R C A  NO. 

Temp. ("C) 
G R A I N  SIZE 

Br'Bm (Microns) 
P " c  Bm 

( Q - c m )  ( O e )  (G) 

COMPOSITION NO. 26E (.027C00-.51MnO-.46Fe70~)+1.0 wt.% MgO 

104 
2.0 lo4 
9.0 103 

3.0 103 
lo4 

28749- 9 3 A 
-93E 
-58A 
- 56-0 
- 58R 

0.47 3440 0.88 95%<10p 5%-160~ 
0.34 3140 0.87 95%<10p 5%-40p 
0.62 35 10 0.90 100%<20p 

0.44 3630 0.91 100%<20p 
0.46 3400 0.91 98%<10p 2%-80p 

28749- 56P 
-58B 
-58s 

11507 
1150* 
1200* 

1100* 
1135* 
1150* 
1150t 
1200* 

lo4 0.97 3120 0.94 95%tlOp 5%- 1 6 0 ~  

4.0 103 0.70 2920 0.95 95%<20p 5%- l60p 
3.6 103 1.10 3150 0.95 100%<10p 

28749- 8 3R 
- 76B 

50%-80p 50%- 160p 
1200 4.0 103 0.37 3420 0.92 60%<20p 40%- 1 6 0 ~  
10 50 1.8 i o 4  0.54 3140 0.92 

28749-83-0 
' L -83L 

1050 1 . 2 ~  104 0.63 3 300 0.95 100% 5 0 ~  
1080 2.3 105 0.57 3220 0.95 100%- 40p 

COMPOSITION NO. 26J (.03Bi20,-. 54Mn0-.43Fe20,) 

287 49- 8 3P 1050 1.7 lo4 
-83M 1080 2.0 1 0 5  

1.76 3400 0.92 90%<10p 10%-50p 
0.75 2850 0.95 100 %- 30p 

287 49- 49 B 
- 49H 
- 49N 
- 49v  
-59T 

2874')- 8 3Q 1050 2.3 lo4 
-83N 1080 2.0 105 

1050 
1100 
1150 
11 50* 
1200 

0.28 2650 0.95 100%-50~( 
0.36 3060 0.95 100%- 50p 

COMPOSITION NO. 27 (.57Mn0-.43Fe203) 

4.0 i o4  
4.5 i o4  
2.0 lo4 3000 

2950 0.90 
0.72 2880 0.91 

All firings were for 24 hours in N2 except as noted be1ow.i 
Cores indicated by * were fired for 24 hours i n  CO,. 
Cores marked by t were fired for 60 hours in N,. 

loo%< lop 
100%<1Op 
1 OO%< lop 
1 OO%< lop 
90%<20p 10%- 160p 

56-0.. .0.28/0.28 
83L ... 0.47/0.55 1 83N ... 0.491'0.70 

Sw Values  

COMPOSITION NO. 27A (.0255CoO-. 5445Mn0-. 43Fe20) 

28749- 49 E 
- 49K 
-494  
- 49Y 
- 58U 

_ _ _ _ ~ ~  

1050 
1100 
1150 
1150* 
1200 * 

~ 

3.0 x i o4  
2.0 104 
1.5 lo4  
3.0 lo4 
7.5 103 

1.33 
1.13 
0.95 
0.97 
0.59 

3 200 
3300 
3150 
2 950 
3180 

0.70 
0.77 
0.68 
0.75 
0.79 

100 %< 1 op 
lOO%<lOp 
loo%< lop 
1 OO%< lop 
90%<20~( 10%-80p 

16 



TABLE 1. (Cont'd.) 
F E R R I T E  C H A R A C T E R I S T I C S  - P R E S S E D  C O R E S  

FIRING 
Temp. ("C) R C A  NO. 

GRAIN SIZE 
Br'Bml (Microns) 

P Hc 8, 
( G )  (O-Cd (Oe) 

28749- 56F 1050 105 
- 56L 11507 4.5 io4  
- 56V 11 50* io4 
- 58V 1200 1.2 i o 4  

17 

1.6 3040 0.92 loo%< lop 
0.82 2730 0.92 9 5 7 ~ 2 0 ~  5%-80p 
0.95 2790 0.91 100%<15p 
0.63 2640 0.94 9 0 % < 3 0 ~  10%- 160p 

287 49-49 C 1050 5.0 io4 
-491 1100 6.0 io4 
-49-0 1150 6.0 lo4 

1150* 6.0 104 
-58W -49w 1200 2.0 lo4 

1.50 2760 0.83 100 %< 1 op 
1.16 2900 0.85 100 %< 1 op 
0.89 2820 0.91 100%<lOp 
0.86 2810 0.88 loo%< l op  
0.62 2580 0.93 100%<30p 

28749- 49F 1050 4.5 l o 4  1.75 
-49L 1100 5.0 io4 1.46 

1150 4.0 io4  1.21 
-492 4.5 104 1.24 
-58X 1200 2.0 io4 0.78 
-49R 1150* 

2820 0.73 loo%< lop 
2980 0.76 100%<lOp 
2940 0.66 loo%< lop 
2550 0.80 100%<10p 
3000 0.84 9 5 % < 3 0 ~  5 % - 8 0 ~  

287 4 9 9  3B l l O O t t  5.0 lo4 
-91B 1150t t 6.0 lo4  
-76A 1200* 4.0 lo4 

0.93 2540 0.91 100 %< lop 
0.82 3220 0.93 100%<20p 
0.71 2840 0.93 100%<20p 

28749- 56A 1050 9.0 io4 1.33 3400 
- 56Q 1150 4.0 103 0.76 3230 
- 56G 1150t 1.7 lo4 0.71 3480 
-58Y 1200 * 4.0 103 0.50 3400 

0.91 100 %< 1 op 
0.95 100 %< 1 op 

0.95 
0.94 95%<10p 5%-80p 

90%<20~( 10%-80p 
-- 

28749- 56B 1050 1.7 io5  1.26 3070 
- 56R 1150* 1.5 l o4  0.77 2730 
- 56H 11507 3.0 io4 0.70 3000 
-582 1200 1.2 i o 4  0.52 2900 - 

0.89 100 %< 1 op 
0.90 100%<15p 
0.92 100%<15p 
0.94 90%<30/~ 10%80p 

28749-56C 
-56s 
- 561 
-58AA 

1050 105 1.26 2770 0.90 100 %<lop 
1150* 3.0 io4 0.76 2780 0.92 100%<1Op 
1150t 7.0 lo4 0.70 2700 0.90 lO0%<1Op 
1200 * 106 0.51 2710 0.93 9 5 % < 3 0 ~  5%-80p 

All firings were for 24 hours in N, except a s  noted below. 
Cores indicated by * were fired for 24 hours in CO,. 
Cores marked by t were fired for 60 hours in  N 
Cores marked bv t t were fired for 60 hours in EO-. 

76A ... 0.51/0.51 
'w { 561 ... 0.47/0.55 



TABLE I (Cont'd.) 
F E R R I T E  C H A R A C T E R I S T I C S  - P R E S S E D  C O R E S  

P FIRING 
RCA NO. 

Temp. ("C) ( 0 - c m )  

GRAIN SIZE 
HC Bm I B,/B, 
(Oe) (GI (Microns) 

28749-79s 1050 3.0 105 
-79G 1100 1 . 2 ~  105 
-79A 1125 1.7 105 
-76F 1200 5.0 IO* 

18 

1.6 3600 0.90 100 %< lop 
0.20 2990 0.91 80 to l60p 
0.21 30 20 0.91 80 to l60p 
0.24 2780 0.83 100%- 80p 

28749-79H 1100 4.0 105 
-79B 1125 2.0 105 
-76G 1200 6.0 lo4 

0.85 3 100 0.84 60%<10p 40%-80p 
0.19 28 20 0.85 80 to l60p 
0.19 2680 0.85 40 to 160p 

28749- 791 1100 
-79c 1125 
- 76H 1200 

5.0 105 0.95 3000 0.80 95%<10p 5%-80p 
2.0 105 0.17 2560 0.80 40 to 80p 

105 0.14 2 190 0.86 80 to 160p 

28749-79 J 1100 5.0 105 
-79D 1125 2.0 105 
-761 1200 6.0 IO* 

2.10 2920 0.92 loo%< 101.' 
0.77 2710 0.94 50%<10p 50%-160p 
0.33 2580 0.92 160 to 300p 

28749- 79K 1100 
-79E 1125 
-79 J 1200 

4.0 lo5  5.3 2540 0.89 100%<10p 
106 3.0 2800 0.93 100%<1Op 

3.0 io5 0.39 2340 0.97 80 to l60p 

28749- 79L 1100 3.0 x 10' 
-79F 1125 7.0 lo5 
- 7 6 ~  1200 6.0 105 
-92G 1250 lo5 

7.1 1900 0.90 100%<1Op 
4.8 2250 0.91 lOO%<lOp 
2.1 1950 0.94 10 O%< lop 
0.46 2280 0.95 80 to l60p 

28749-79T 1100 6.0 x IO6 

- 84A 11 50* 1.3 x lo8 
-83A 1200 3.3 10' 
-8 3G 1250 2.5 x 10' 

-79M 1150 10 
4.75 1600 0.85 loo%< lop 
3.0 1860 0.90 100%<10p 
4.5 1100 0.90 100%<1Op 
2.4 1910 0.89 lOO%<lOp 
1.1 1670 0.93 100%<20p 



TABLE I (Cont’d.) 

F E R R I T E  C H A R A C T E R I S T I C S  - P R E S S E D  C O R E S  

P F I R I N G  

Temp. (“C) (a- cm ) 
RCA NO. 

G R A I N  SIZE Hc ‘m 
(Oe) ( G I  ‘ P m  (Microns)  

28749- 901 1200 1.7 10’ 
-92A 1250 7.0 x lo6 
-92H 1275 5.0 x lo6 

COMPOSITION NO. 41A (.O 1CoO-. 39Mg0-. 20Mn0-. 40Fe,0,) 

2.1 2120 0.90 loo%< lop 
1.8 2300 0.86 lOO%<lOp 
1.7 1890 0.75 100%<15p 

28749-90 J 1200 
-92B 1250 

1 . 2 ~  10’ 2.1 2200 0.73 100 %< 1 op 
6.0 x lo6 2.3 1980 0.75 lOO%<lOp 

28749-79V 
- 79N 
-84B 
-83B 
-83H 

1100 
1150 
1150* 
1200 
1250 

2.7 lo7 3.9 1650 0.86 100 %< lop 
2.0 lo7 2.6 1980 0.90 100%<lOp 
1 .2  x 108 3.3 1960 0.89 100%<10p 
3.3 10’ 2 .1  2090 0.90 100 %< lop 
4.0 x lo6 1.0 2040 0.94 100%<20p 

28749-90K 1 1200 3.0 10’ 
-9 2C 1250 1.6 10’ 
-921 1275 lo7 

1.7 2060 0.93 100%<1Op 
1.5 20 20 0.80 100 %< 1 op 
1.4 2080 0.62 100%<15p 

28749- 90L 1200 
-92D 1250 

1 9  

3.0 10’ 1.6 2440 0.80 100%<10p 
1.5 io7 2.0 2000 0.66 100 %< 1 op 

2 8 7 49- 79V 1100 2.0 lo5 1.60 
-79-0 1150 1.8 io4 0.30 
-83C 1200 3.0 io4 0.32 

3350 0.94 100%<1 op 
2930 0.95 10 to 300p 
2840 0.94 40 to 1 6 0 ~  

28749-79W 1100 10 2.94 
-79P 1150 5.0 lo4 1.93 
-83D 1200 4.0 lo4 0.52 
-831 1250 1.7 io4 0.37 

2680 0.91 100 %< 1 op 
2940 0.90 100%<lOp 
2460 0.96 80 to 300p 
2580 0.96 100 %-80p 

28749- 83s 1050 5.0 103 
-90A 1100 5.0 103 
-90E 1160 3.0 103 

5 .5  2630 0.90 loo%< 1 op 
2.9 2500 0.94 loo%< 1 op 
2.3 2650 0.94 100 %< 1 op 



TABLE I (Cont’d.) 
F E R R I T E  C H A R A C T E R I S T I C S  - P R E S S E D  C O R E S  

F I R I N G  
Temp. (“C) RCA NO. 

G R A I N  SIZE 
Br’Brn (Microns)  

P “ C  Bm 
(GI  (Q-crn) (Oe) 

- ~~~~~~ ~~~~ 

COMPOSITION NO. 45 (.05Zn0-. 30Mg0-. 19Mn0-. 46Fe201) 

28749-79X 1100 105 4.15 
-794 1150 2.0 io4 2.21 
-83E 1200 1.2 io4 2.01 
-83J 1250 3.0 103 0.42 

1940 0.89 loo%< l o p  
2680 0.87 loo%< lop 
2460 0.91 100 %< 1 op 
1870 0.81 100%-8Op 

28749-83T 
-90B 
-90F 

28749-8311 
-9OC 
-90G 
-92E 
-92 J 

1050 1.5 103 8.9 1720 0.85 loo%< lop 
1100 103 3.6 2380 0.94 100 %< 1 op 
1160 3.0 103 2.8 2620 0.92 lOO%<lOp 

28749-83V 
-90D 
-90H 
-92F 
-92K 

28749-79Y 1100 
-79R 1150 
-83F 1200 
-83K 1250 

3.0 io4  2.70 2560 0.90 100%<10p 
lo4 1.38 2980 0.90 loo%< l op  

3.0 io4 0.68 2300 0.95 50%<10p 50%80p 
1.5 lo4  0.55 2800 0.48 100%- 80p 

1050 1.5 x lo8 6.8 
1100 io7 2.7 
1160 106 2.0 
1250 8.0 x 106 1.3 
1275 1.5 lo7  1.2 

1730 0.75 10 O%< 101.1 
2000 0.92 100%<1Op 
2310 0.89 100 %<lop 
1950 0.91 loo%< lop 
1880 0.91 100%<15p 

20 

~ 

1050 
1100 
1160 
1250 
1275 

~~ 

108 4.6 1910 0.73 100%<1Op 
3.0 io7 1.9 1890 0.86 loo%< l o p  
2.0 lo7 1.6 20 20 0.87 100 %<lop 
2.5 l o7  1.2 1800 0.90 100%<10p 
2.0 io7 1.0 1850 0.90 100 %< 20p 

28749- 92-0 1200 lo8 
-92L 1225 2.0 10’ 
9 2R 1250 2.5 io7 

29271-36G 1200 * 7.0 io7 
! 

1.35 1270 0.70 100%<1 op 
1.02 1740 0.80 100%<10p 
0.76 1090 0.76 100 %<lop 
0.83 1660 0.9 1 100 %< 1 op 



, 

F I R I N G  
RCA NO. 

Temp. PC) 

TABLE I (Cont'd.) 
F E R R I T E  C H A R A C T E R I S T I C S  - P R E S S E D  C O R E S  

G R A I N  SIZE 
Br'Bm (Microns) 

P H C  'm 
( a - c m )  (Oe) (GI  

28749- 9 2P 
-92M 
-92s 

2927 1- 36H 

1200 108 1.08 1640 0.88 lOO%<lOp 
1225 8.0 x I O 6  0.98 1680 0.89 loo%< lop 
1250 2.0 io7 0.91 1720 0.86 loo%< lop 
1200 * lo8 0.98 1730 0.92 loo%< lop 

21 

28749- 9 2 4  
-9 2N 
-92T 

29271-361 

1200 1 . 3 ~  IO8 1.69 1760 0.82 loo%< 1 op 
1225 1 . 4 ~  IO6 1.96 1630 0.77 10 0 %< lop 
1250 106 1.73 1390 0.73 100%<10p 
1200* 7.0 io7 0.94 1680 0.92 100%<10p 
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cores. 
the drive current was selected to produce magnetization values approaching 
saturation magnetization. Under this condition, meaningful data for fundamental 
values of the various compositions could be compared. The doctor-bladed cores 
were made and tested as part of the array investigation and the drive current 
was selected so as to delineate the "disturb sensitivity" of the core as it 
would function in a memory environment. If the loop, under these conditions, 
has a nonsquare corner, the material is disturb sensitive, and the corresponding 
laminate operation is degraded. 

The pressed cores were evaluated as part of the materials study and 

B. Coercive Force 

To drive laminated ferrite arrays at low power from integrated circuits, 
the ferrite must have a sufficiently low coercive force. For a ferrite material, 
this force is a function of several parameters. The primary influence is the 
major crystal anisotropy constant ( K i ) ,  which varies with chemical composition. 
This anisotropy constant, measured in ergs/cm3, describes the difficulty in 
rotating the magnetization vector from an easy to a hard direction of magnet- 
ization in a single crystal. 
direction is accomplished with little expenditure of energy. Consequently, the 
coercive force is low. 

When K 1  is small, a change in magnetization 

K 1  for most ferrites has a negative sign; an exception is CoFe204 which 
has a very large positive value of K1.  
desired to produce a small coercive force, it is often possible, by appropriate 
Co substitutions, to reduce the coercive force. An example of this effect may 
be seen by comparing the coercive force data for Compositions No. 26 and 26A 
as listed in Table I and plotted in Figure 2. 

Since a very small value of K 1  is 

2.oy 1 1 I I I 1 

I I I I 1 1 I 
loso I loo IMO 1200 

FIRING TEMPERATURE ("c) FOR 24 HOURS IN N2 

Figure 2. The influence on Hc by the substitution of; 
Co for Mn in Mn-Fe ferrite. Composition 
No. 26 - ( .54  MnO-.46 Fe203).Composition 
No. 26A - (.027 COO-.513 MnO-.46 Fe203). 

It is not possible to reduce the coercive force without limit by this 
means, because of the existence of the higher order anisotropy constants (%, 
K3 ...). 
cannot all be made to have zero values simultaneously. 

Since the anisotropy constants are not directly interrelated, they 

The influence of grain size on coercive force is associated with the ease 
From domain theory,7 it may be shown to of magnetization vector displacement. 
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be energetically more favorable for magnetization to change through the 

force than if the magnetization had to rotate. 
to preclude the presence of domain walls within the grain (single-domain size 
grains), the magnetization direction can be changed only by rotation. 

Table I illustrates these trends, for example, Composition No. 14 and 17. 

I mechanism of domain wall motion. This leads to a lower value of coercive I 

If the grains are small enough 
I 

Being 
energetically more demanding, the result is a much higher coercive force. ~ 

C. Switching Properties 

< -  1. Zntroduction. -- The memory cell in a laminated ferrite array is of micro- , 

The switching time T of a cell is determined by two quantities:i I 
dimensions. To generate a readily detectable sense signal, the cell must 
switch rapidly. 
the inherent "switching speed" of the ferrite material and the magnitude of 
the average applied field (H) are determined by the cell dimensions and the 
magnitude of current flowing through the cell. 
and write currents can make switching very rapid; the switching time T can then 

indicated that reasonable sense signal magnitudes are obtained at switching 
times on the order of 0.2 to 0 . 3  microsecond.2 
obtained at low drive currents if the ferrite material has sufficient "switching 
speed. 

2. 

electron spins in the ferrite. In a toroid in a remanent state, these moments 
are aligned with one another so as to produce a net magnetic flux in, say, the 
clockwise direction. 
linking the toroid, the resulting field (H) produces a torque on these moments 
so as to cause the net flux to become counterclockwise. The flux reversal 
process is not instantaneous because a certain amount of energy is given up to 
the lattice during the switching, i.e., there is a "friction" of sorts. Because 
the ferrite is polycrystalline with crystallite axes in random directions, and 
because of the presence of defects such as pores, local regions or domains of 1 
reversed magnetization remain even in the remanent state. These regions are I 
separated from the regions of "proper" direction of magnetization by domain I 

walls; the magnetization direction rotates smoothly across the wall changing 
by 180". 

I 

The application of large read 
~ 

I be in tens of nanoseconds.6 Previous work with low coercive force laminates 

These switching times can be 

Theory. -- The switching process in polycrystalline ferrites is not com- 
pletely ~nderstood.7,~ A magnetic moment is associated with certain of the i 

~ 

1 

~ 

If a current of proper polarity is applied to a wire I 
I 

The flux reversal process takes place by domain wall motion if the 
reversing field (H) is slightly larger than the coercive force (HC).' 
process, the local regions of reversed magnetization expand at the expense of 
unreversed regions. The reversing field causes new regions of reversed 
magnetization to form at crystal defects; this is called domain nucleation. 
These domains will also expand during the switching process. 
switching time is related to structural properties of the ferrite, because the 
greater the density of defects, the greater the number of walls participating 
in switching. 
must move and consequently, the shorter the switching time. The details of 
domain nucleation and energy transfer during switching are not well enough 
understood to make any 
polycrystalline ferrites. 

In this 

Thus, wall 

The larger the number of walls, the shorter the distance they 

priori predictions of wall switching behavior in 
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Flux reversal i n  to ro ids  under t h e  inf luence  of very h igh  app l i ed  f i e l d s  I 
i s  thought t o  take p lace  by a uniform r o t a t i o n  of the  magnetic moments.10 I 
Some f e a t u r e s  of very-high-speed switching can be success fu l ly  explained,  b u t  ' 
aga in  the  d e t a i l s  are not  pred ic tab le .  

as a func t ion  of (H). A t y p i c a l  p l o t  i s  shown i n  Figure 3. The inve r se  s lope  
of t h i s  curve, c a l l e d  Sw, i s  a measure of t h e  switching performance of a given 
to ro id .  The lower the  va lue  of S, the  b e t t e r ,  s i n c e  a low Sw impl i e s  a s t e e p  

Flux reversal caused by appl ied f i e l d s  between these  two extremes of very-  
high and just-above threshold,  which i s  the  r eg ion  of i n t e r e s t  i n  most p r a c t i c a l  
memories, i s  not  w e l l  understood. 
important a t  f i e l d s  w e l l  above the  coerc ive  fo rce  (Hc) bu t  may no t  be the  s o l e  
mechanism over t h e  e n t i r e  range of our measurements, which are descr ibed  next .  

Nucleat ion and w a l l  motion are undoubtedly 

3 .  Experimental Technique. -- The switching t i m e  z i s  measured as a func t ion  
of t h e  mean app l i ed  f i e l d  (H). The inverse switching time ( l / ~ )  i s  p l o t t e d  

CORE 28749 -941 

I 1 I I 
0 3 4 5 6 

H (OERSTEDS) 

Figure  3 .  I n v e r s e  switching t i m e  vs. f i e l d  (Core No. 28749-941). 

A t y p i c a l  switching waveform, the  vo l t age  induced i n  a winding l i n k i n g  
t h e  tes t  to ro id ,  i s  shown i n  Figure 4 .  The app l i ed  r eve r s ing  c u r r e n t  has a 
risetime of approximately 5 nsec, and the  two sharp  sp ikes  a t  t h e  l ead ing  and 
t r a i l i n g  edges of t he  waveform are induced vo l t ages  caused by t h e  l i n e a r  
inductance of the  core .  The switching t i m e  T i s  def ined  here  as the  t i m e  from 
the  i n i t i a t i o n  of switching t o  the  time that the s i g n a l  drops t o  10% of i t s  
peak value,  as ind ica t ed  i n  Figure 4 .  
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The experimental  s e tup  i s  sketched i n  Figure 5. The f a s t - r i s i n g  r e v e r s i n g ,  
I 

The width of the r e s e t  pu lse  i s  determined by the  cab le  l eng th  1 o r  reset  c u r r e n t  i s  generated by discharging a cable  w i t h  a f ree- running  
mercury r e l a y .  
and i s  s l i g h t l y  less than  0.5 psec f o r  these  experiments.  Thus, a l l  measured 
values of z are 0.5 psec o r  less, which is  t h e  area of interest  f o r  laminated 
a r r a y s .  The amplitude of the  r e s e t  pu l se  can be var ied  over the range 0 t o  I 

4 amperes. The corresponding v a r i a t i o n  i n  H i s  a func t ion  of t he  core  r ad ius  I 
and the number of t u rns .  Each reset pulse  i s  followed by a 20 psec  s e t t i n g  
pulse  which e s t a b l i s h e s  a cons i s t en t  remanent state. The amplitude of the set 1 

pulse  i s  ad jus t ed  t o  t h r e e  t i m e s  the minimum amplitude r equ i r ed  t o  f u l l y  switch ~ 

the  to ro id .  I 

I+ T 4  
(0.35 psec. )  

TIME SCALE: 0.1 pSeC./DIV. 

Figure  4. Toroid switching waveform. 

TRIGGER - 
I 

D 
PULSER 

-L 
TEKTRONIX 110 

TRIGGER PULSER SYSTEM AND '-7 L TEST TOROID - 

CHARGING CABLE 

Figure  5. Experimental arrangemen 
switching speed. 

878 

f o r  measur-ng 
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Both pressed cores  and "doctor-bladed" co res  have been t e s t e d .  Sw w a s  I 1 

Cores w i t h  poor , not  measured f o r  a l l  t he  experimental  co res  because a reasonable  h y s t e r e s i s  I 

squareness  i s  necessary f o r  the  measurement t o  have v a l i d i t y .  
squareness  appear f a s t e r  than they are because t h e i r  l a r g e  e l a s t i c  f l u x  
( r e v e r s i b l e  f lux)  fol lows t h e  risetime of the  r eve r s ing  f i e l d .  
were no t  measured because of i nappropr i a t e  va lues  of o the r  parameters.  

4. 
c o e f f i c i e n t  (S,) i s  ca lcu la ted ,  i s  shown i n  Figure 3.  Note t h a t  t he  inve r se  
switching t i m e  (117) v a r i e s  l i n e a r l y  w i t h  H over t h e  e n t i r e  range s tud ied  
(approximately 2 t o  6 O e ) .  I n  general ,  t he  switching curve i s  no t  l i n e a r  over 
a range encompassing switching t i m e s  from s e v e r a l  microseconds down t o  several 
nanoseconds; i n  f a c t ,  t h e  f u l l  curve may be more pa rabo l i c  than l i n e a r .  For 
t h i s  reason  some of the  measured experimental  co res  y i e l d  switching curves,  
t y p i f i e d  by Figure 6 ,  w i t h  two " l inea r "  regions.  The reg ion  a t  higher  d r i v e  
f i e l d  has a s t e e p e r  s lope,  and consequently a lower Sw, than  the  r eg ion  a t  
lower d r i v e  f i e l d .  
c o n t r i b u t e  t o  switching a t  higher  f i e l d s .  
I1 are presented  i n  the form: 

1 Other co res  

I 
Experimental Resul t s .  -- A t y p i c a l  switching curve, from which the  switching 1 

This may be due t o  r o t a t i o n a l  mechanisms beginning t o  
Thus, t he  Sw d a t a  i n  Tables I and 

Sw a t  higher  dr ivels ,  a t  lower d r ive .  

I f  t h e  curve i s  l i n e a r  over  the  range, t he  two va lues  are equal.  

CORE NO.- C W ~  

- 
I I I I 
2 3 4 5 

H (OERSTEDS) 
0 

Figure  6 .  Inve r se  switching t i m e  vs .  f i e l d  (Core No.  CW5). 
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The existence of nonlinearity in the switching curve, makes a detailed 
comparison between various materials somewhat difficult. A l l  the studied 
materials with grain size in the region of 10 p or less, with the exception 
of Composition No. 41, have a high drive Sw of 0.5 or less. 
waveforms for Composition No. 41 are characterized by a long tail of significant/ 

1 amplitude whose duration is not very sensitive to drive field, and it has a 
correspondingly high Sw. (This deficiency is confirmed by the data on laminate 
operation reported later in Section V.) The switching waveforms of Composition 
No. 47 do not have a long "tail"; consequently, the measured Sw's are con- 
siderably lower and decrease with decreasing grain size, as would be expected. 

The switching 

I 

1 
I 
I 

D. Grain Size 

From practical as well as operational considerations, polycrystalline I 
materials must be used for the laminated ferrite memory. The concern with 
grain size in the laminate originates from the need to restrict the grain size 
to much less than the memory cell size. If the grains are allowed to grow in 
an unrestricted way, nonuniform operation of the memory would result.11 Since 
the spacing between the orthogonal conductor planes is 13 microns (0.0005 inch), 
the grain size should be limited to 10 IJ- or less. 

The grain size and distribution are obtained by petrographic observation. 
The samples are highly polished and etched. Etching in an acid solution re- 
moves a small amount of the polished surface in a preferential manner. Conse- 1 

quently, the grains, grain boundaries, and imperfections are visible to micro- 
scopic observation. I 

I 

The grain size is influenced primarily by the firing conditions. For all 
compositions, the grain size increases as the firing temperature is increased. 
Referring to Figure 7, we see that for Composition No. 28 the grains start to , 
grow only after a firing temperature of 1150°C is reached. 
Composition No. 17 exhibits spontaneous grain growth when the firing tempera- ' 
ture exceeds 1035°C due to the presence of lithium ions. 

In contract, 

No. 17c 

f a "ool (3 0 IO50 1100 1150 1200 

FIRING TEMPERATURE ("c) FOR 24 HOURS IN N2 

Figure 7. The grain size of some ferrites as a function of firing 
temperature. Composition No. 17 - (.03 LiF-.54 MnO- 
.52 Fe2O3). Composition No. 17C - ( . 0 3  LiF-.54 MnO- 
.52 Fe2O3) +0.25 wt. % Si02. Composition No. 28 - 
( .60 Mn0-.40 Fe2O3). 
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For Composition No. 17, the grain size is of the order of 10 IJ. for firing 
temperatures below 1035°C. The coercive force greatly exceeds 1 Oe, and this 
may not be used for the memory. For firing temperatures above 1O5O0C, the I 

coercive force drops to an acceptable value; however, the grain size is far 
too large for laminated arrays. For the intermediate region (1035°C to 1050°C) 
control of grain size is not feasible. This general behavior is characteristic 
of all the lithium bearing ferrite compositions investigated. On the basis of I 
these data we decided to investigate other compositions. I 

Certain compositional modifications can limit the grain size. 
is shown in Figure 7 in the case of Composition No.  17C. 

of about 80 p. 

This effect 1 
In this case 0.25 wt.% 1 

I 
I i -- of Si02 was added to Composition No. 17. The grains grew to a limiting size 

E. Squareness 

I The shape of the hysteresis characteristic of the ferrites is determined , 
Three types of anisotropy can be important in this consideration,) 

~ 

by anisotropy. 
namely shape, stress, and crystal. In the configurations used for most ferrite 
memories, shape anisotropy has no effect because of the closed magnetic path. 
Stress anisotropy is manifest if the ferrite has appreciable magnetostriction. 

The squareness observed in the ferrites of this project is a result-of \ 
the crystal anisotropy and magnetostriction interacting in the appropriate 
crystallographic direction. In most cubic ferrites the easy direction of 
magnetization is the crystallographic [111] direction. If the magnetostriction 
constant in the [ill] direction (X111) is small, the hysteresis loop will be 1 
rectangular. The magnetization vector adheres to the [111] direction with a 
force proportional to the anisotropy constant K1. Further, if Xi11 is negli- 
gible, random stresses cannot influence the magnetization vector. The magnet- 
ization vector thus remains bound in the [111] direction until the applied 
field is of a magnitude to reverse the direction of magnetization, and the 
ferrite has a square loop characteristic. 
acting by way of magnetostriction would alter the coupling between the magnet- 
ization vector and the [111] direction. 

I 

I 

If hill were not negligible, stresses; 

The result is a nonsquare loop. 

Table I shows the composition and squareness value for all the ferrites 
produced during the contract. In general, a good squareness ratio (Br/Bm) is 
observed. However, as can be seen, the squareness varies primarily with compo- 
sition. The magnetostriction constant was not measured, but it seems certain 
that in some compositions the value of Xlll is not negligible. A good case in 
point is Composition No. 19 with a squareness above 0.90. When Co ions are 
incorporated (Composition No. 19A) the squareness decreased appreciably. While 
the crystal anisotropy K 1  is reduced, as shown by the decrease in coercive 
force, the new value of A111 is increased.12 

I 
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I F. Thermal Characteristics I 

As discussed under the heading of Magnetic Induction (IV-A), the ferrites I 
have A sites and B sites. There is an energy (exchange energy) which main- 
tains the spin alignment configuration of these two sites. The A site moments 
can be considered to point in one direction and the B site moments point in 
the opposite direction. 
za t ion. I 

\ This arrangement results in a net moment or magneti- 

I 

Thermal energy, on the other hand, endeavors to produce a random orientation 
of the spin moments. 
the alignment of the moments (magnetization) is a function of temperature. As 
the temperature is increased, the exchange energy tends to be overcome and the 
net moment or magnetization is reduced. At the Curie Temperature the thermal 
energy dominates and the material is no longer ferrimagnetic. 

Since the thermal energy is a function of temperature, 

; 

I Considering the different site moments for various ferrites, it is not 
surprising that B vs. T characteristic is not the same for all ferrites. When 
the normal ferrite Zn Fe204 is substituted in an inverse ferrite, the Curie 
temperature is reduced because of the weakened interaction between the A and 
B sites. 

Table I11 shows the major compositions that were synthesized during the 
contract, their Curie temperature, and the change of magnetization as the 
ambient temperature is varied from 25°C to 125°C. 
temperature and the change of magnetization as a function of ambient tempera- 
ture employs the principle of measuring the force exerted on a sample by an 
inhomogeneous dc field as the sample temperature is changed. 13 

The measurement of the Curie1 

Small substitutions or additions of COO, Si02, CuO, MgO, Al2O3, Bi203, or 
' 

I glass were used to alter some of the properties of the basic compounds. The 
substitutions and additions, being of small amount, have only a minor effect 
on the shape of the B vs. T curve and the Curie temperature. 

Figure 8 shows the complete magnetization-temperature characteristic of 
Compositions No. 41 and 47. These compositions are among those used to fabri- 
cate laminated memory arrays. For comparison, the figure also shows the 
characteristic of the ferrite used in Phase I of the project. While the Curie 
temperature goal of 300°C was not quite achieved in these materials, the thermal 
stability of magnetization over the temperature range of interest is greatly 
improved (about threefold). ~ 

Figure 9 shows the change of coercive force, under constant drive con- 
ditions, as a function of ambient temperature for Compositions No. 41 and 47. 
These data were taken from hysteresis loops (400 cycles) at various tempera- 
tures. For the compositions shown, the coercive force changes about 5 10% 
from 0°C to 50°C. 
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TABLE I11 
THE THERMAL CHARACTERISTICS OF FERRITE COMPOSITIONS 

MOLAR COMPOSITION COMP. NO. 
LiF I MnO I Fe,O, I ZnO 

I I I 

14 .50 I 
15 
16 
17 
18 

19 
20 
21 
22 
23 
24 
25 
26 
27 
28 

29 
30 
31 
35 
36 

37 
38 
39 
40 
41 
42 
43 
44 
45 
46 

47 
48 
49 
50 
51 

.07 .48 .45 

.03 .48 .49 

.03 .45 .49 

.05 .41 .54 
.50 

-01 .52 
.03 .50 . 01 .48 
. 01 .49 
. 01 .50 
.Ol .51 

.54 

.57 

.60 

.51 

.55 

.57 

.49 

.44 

.39 

.44 

.34 

.24 

.20 

.28 

.39 

.29 

.19 

.19 

.19 

.28 

.27 

.18 

.09 

I .47 
, .47 

.51 

.50 

.49 

.48 

.46 

.43 

.40 

.44 

.40 

.38 

.46 

.46 

.46 
-46 
.46 
.46 
.40 
.36 
.46 
.46 
.46 
.46 

.38 

.335 
,315 
.36 
.405 

.05 

.05 

.05 

.05 

.10 

.15 

.05 

.05 

.05 

.10 

.05 

.05 

.10 

.10 

.10 

.10 

.20 

.30 

.40 

.36 

.10 

.20 

.30 

.25 

.38 

.335 

.315 

.36 

.405 

Tc("C> 

235 
283 
2 90 
3 06 
330 

2 95 
273 
284 
283 
278 

276 
273 
250 
240 
220 
2 21 
217 
210 
223 
2 05 
160 
2 92 
315 
330 
28 0 

254 
250 
270 
292 
250 

2 62 
240 
165 
190 
178 

% AB/OC 

.19 

.15 

.16 

.09 

.ll 

.14 

.16 

.22 

.15 

.14 

.18 

.15 

.13 

.17 

.10 

.19 

.21 

.20 

.12 

.12 

.13 

.08 

.14 

.10 

.12 

.20 

.20 

.19 

.17 

.22 

.18 

.24 

.42 

.38 

.36 

% AB/"C is the value over t h e  temperature range of 25 to 125°C. 
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AMBl ENT TEMPERATURE ( O c )  , 
Figure 8. Relative magnetization as a function of ambient 

temperature for several ferrites of interest to 
this project . 

0 1  I I I I I 
0 20 40 60 00 1 0 0  

AMBIENT TEMPERATURE ("c) 
Figure 9. The change of coercive force as a function of 

ambient temperature for a sample of compositions 
No. 41 and No. 47. 

\ 
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G. R e s i s t i v i t y  

L 

F e r r i t e s  w i t h  i d e n t i c a l  elements i n  more than  one valence s ta te  on equiva-  
l e n t  c r y s t a l l o g r a p h i c  l a t t i c e  s i tes  gene ra l ly  have low r e s i s t i v i t y .  

such ions.  For example, t he  r e s i s t i v i t y  of Fe304 i s  about 10-3 R-cm. The i r o n  
i s  present  as Fe* and Fe* ions  loca ted  on oc tahedra l  si tes.  
takes  p lace  by the e n e r g e t i c a l l y  easy movement of e l e c t r o n s  between Fe ions .  
NiFe204 has  a r e s i s t i v i t y  of 106 R-cm. To o b t a i n  t h i s  high r e s i s t i v i t y  i t  i s  
necessary t o  avoid the formation of Fe* ions by us ing  an  ox id iz ing  atmosphere 
dur ing  the  f i r i n g .  Also, a n  excessive f i r i n g  temperature must be avoided be- 
cause i r o n  oxide tends t o  l o s e  oxygen a t  high temperatures and thus,  t o  main- 
t a i n  e l e c t r i c a l  n e u t r a l i t y ,  Fe* i s  formed. 
p r o p e r t i e s  from m e 2 0 4  a p r o t e c t i v e  atmosphere (CO2) must be used. Under- 
these  condi t ions  a few Fe* ions form, thus account ing f o r  the  observed resis-  
t i v i t y .  

Tolksdorf14 r e p o r t s  t h a t  the  r e s i s t a n c e  of a hexagonal f e r r i t e  may be i n -  

The 
r e s i s t i v i t y  of t hese  ferr i tes  i s  very s e n s i t i v e  t o  the relative amounts of ~ 

Conduction 

, 

To o b t a i n  good square- loop 
~ 

creased  by seve ra l  o rde r s  of magnitude, by adding B i 2 0 3  t o  t h i s  f e r r i t e .  
t h i s  reason, Composition No. 26 ( . 5 4  MnC03-.46 Fe203) w a s  modified t o  have 
0.005, 0.01, and 0.03 moles of Bi2O3 s u b s t i t u t e d  f o r  Fe2O3. 
the  r e s i s t i v i t y  i s  increased  s l i g h t l y .  
( i n  Tolksdorf ' s  case)  r e s u l t s  simply i n  a n  i r o n - d e f i c i e n t  sample, having 
s t a r t e d  w i t h  a s to i ch iomet r i c  material. 
i r o n - d e f i c i e n t ,  t he  change i n  r e s i s t i v i t y  brought about by a f u r t h e r  small de- 
crease i n  i r o n  content  i s  s m a l l .  

For 

It w a s  found t h a t  
The s u b s t i t u t i o n  of Biz03 f o r  Fe2O3 

Since Composition No. 26 i s  a l r eady  

The h igh  r e s i s t i v i t y  observed i n  the  p re fe r r ed  compositions (Nos. 41 and 
47) of t h i s  p r o j e c t  i s  t h e  r e s u l t  of a l l  t h e  Mn and Fe ions  being i n  the  
t r i v a l e n t  s ta te ,  s i n c e  no d i v a l e n t  Mn o r  Fe ions  are needed f o r  s toichiometry.  
Table I shows t h e  composition and r e s i s t i v i t y  va lues  f o r  a l l  the  compounds 
made under t h e  con t r ac t .  

H. Discussion 

The va r ious  f e r r i t e  c h a r a c t e r i s t i c s  are d iscussed  above as ind iv idua l  
materials p r o p e r t i e s .  A t h e o r e t i c a l  b a s i s  f o r  these  p r o p e r t i e s  i s  r e l a t e d  t o  
the  experimental  r e s u l t s  ob ta ined .  Of course,  t he re  i s  g r e a t  interdependence 
between some of t he  c h a r a c t e r i s t i c s .  
opt imize a l l  of t he  p r o p e r t i e s  i n  a given sample. 

Unfortunately,  i t  i s  not  poss ib l e  t o  

The g r e a t e s t  interdependence is  between g r a i n  s i z e ,  coerc ive  force ,  and 
swi tch ing  c o e f f i c i e n t .  I n  general ,  t he  lowest  va lue  of coerc ive  force  f o r  a 
f e r r i t e  i s  obtained i f  i t  i s  i n  the form of a s i n g l e  c r y s t a l  w i t h  a c losed  f l u x  
path,  such as a "window frame". However, t he  f e r r i t e  switches most slowly 
under these  cond i t ions .  l5 On t h e  o the r  hand, t he  h ighes t  coerc ive  fo rce  and 
the  f a s t e s t  switching i s  found when the  f e r r i t e  i s  composed of single-domain 
g r a i n s  (submicron s i z e ) .  The ma te r i a l s  descr ibed  have g r a i n  s i z e s  between 
these  two extremes, w i t h  the  r e s u l t  t h a t  the  materials wi th  the  smallest g ra ins  
have h igher  va lues  of coerc ive  force and lower switching c o e f f i c i e n t  ( f a s t e r  
swi tch ing) .  
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6 The r e s i s t i v i t y  goal  of 10 R-cm i s  d i f f i c u l t  t o  a t t a i n  while  r e t a i n i n g  
the  o the r  requirements.  For example, Composition No. 19A e s s e n t i a l l y  f u l f i l l s  
the  goa ls  except  f o r  the  r e s i s t i v i ty  requirement. To circumvent t he  resis- 
t i v i t y  d i f f i c u l t y ,  a few experiments w e r e  performed wi th  an  i n s u l a t i n g  shee t  
incorpora ted  i n  t h e  laminate.  The cons t ruc t ion  w a s  e s s e n t i a l l y  the  same as the ~ 

usual  laminated a r r a y  except  t h a t  a very t h i n  (0.0003-in.) doctor-bladed shee t  
of MgO i s  placed between the  two sets of conductors .  Although the  sample had 
increased  r e s i s t i v i t y  (about t en fo ld ) ,  i t  w a s  s t i l l  too low f o r  s a t i s f a c t o r y  
opera t ion .  Pol ished s e c t i o n s  of t h i s  s i n t e r e d  laminate  ind ica t ed  t h a t  the MgO 
l a y e r  i s  not  continuous.  A s l i g h t l y  t h i c k e r  i n s u l a t i n g  l a y e r  may be b e t t e r  
bu t  t h e  c losed  f l u x  pa th  could be s e r i o u s l y  a f f e c t e d  as a r e s u l t .  

The b e s t  compromise i s  Composition No. 47. Data from doctor-bladed t o r o i d s  
of  t h i s  composition are compared w i t h  the  p r o j e c t  goa ls  i n  Table I V .  

TABLE I V  

COMPARISON OF FERRITE PARAMETERS 

Parameter 

Coercive force  (Oe) 

Remanent f l u x  d e n s i t y  (G) 

Squareness r a t i o  ( B ~ / B ~ )  

R e s  i s  t i v i  t y  (Q-cm) 

Curie  temperature ("C) 

Switching c o e f f i c i e n t  (psec-Oe) 

Goal Best 
E f f o r t  

0.76 

1010 

0.95 

~ ~ 1 0 7  

2 62 

0.50 

The "best  e f f o r t "  co res  a r e  f i r e d  w i t h  laminate  No. 28749-97D (see Table 11) 
and have s m a l l  g r a i n  s t r u c t u r e .  These d a t a  are obtained from t o r o i d s  c u t  from 
doctor-bladed s h e e t s  of Composition No. 47. I n  add i t ion ,  laminated memory 
a r r a y s  w e r e  f a b r i c a t e d  and s i n t e r e d  wi th  these  "best  e f f o r t "  cores .  The d a t a  
f o r  t hese  "best  e f f o r t "  cores  and laminated a r r a y s  are g iven  i n  Table I1 f o r  
laminate  No. 28749-97D. Both the  "bes t  e f f o r t "  cores  and the laminates  are 
f i n e  grained.  , 

I n  Table I i t  i s  seen  t h a t  t h e  measured magnetic and e lec t r ica l  p r o p e r t i e s  
of pressed  co res  made from Composition No. 47 are d i f f e r e n t  from the charac-  
teristics of doctor-bladed cores. The reason  f o r  t h i s  d i f f e r e n c e  i s  explained 
i n  S e c t i o n  IV-A. 
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V. LAMINATED FERRITE MEMORY ARRAYS 

A. Introduction 

Five of the experimental compositions were utilized to fabricate laminated 
ferrite arrays, namely Compositions No. 19A, 26E, 28B, 41, and 47. Section I11 
gives the fabrication procedure. 

Composition No. 19A was selected to determine the effect of variation in 
grain size on laminate operation. 
the coercive force goal of the program only if grains of large size, up to 
300 p, could be utilized. The spacing between conductors in a laminate is on 
the order of 13 p; thus, large grains could encompass one or more storage 
locations. Since the crystallographic orientation of these grains with respect 
to the conductor orientation and the location of grain boundaries cannot be 
controlled, nonuniform magnetic behavior would be expected. 
pothesis, Composition No. 19A was used to fabricate an array. 

Some of the earlier compositions achieved 

To test this hy- 

Compositions No. 26E and 28B were chosen as the best materials having 
compositions near MnFe204. 
quantities of Mg so as to yield much higher resistivity than Compositions No. 
26E and 28B. 

Compositions No. 41 and 47 incorporated significant 

To summarize, it has not been possible to optimize all of the desired 
properties in a single fine-grain ferrite. It is found that fine grains are 
necessary to achieve uniform outputs. A variety of compositions were selected 
for array fabrication to determine which compromise of ferrite properties 
would result in array characteristics compatible with the system requirements. 

B. Experimental Techniques 

The fabricated 256 x 100-conductor arrays with conductors (on 10-mil 
centers) are abraded along all four edges to expose the conductors. For array 
testing, one end of the 100 longer lines (digit lines) are connected in common 
to ground. The 256 shorter lines (word lines) are also grounded, as they 
would be in a system driven by MOS switches. 
glass epoxy boards which have linear patterns of isolated pads on 50-mil 
centers along the edges. This permits as many as 32 of the 100 digit lines 
and 64 of the 256 word lines to be accessed using the pads. 
2-mil silver wire serves as the connection between pad and array. Readily 
moveable mechanical connections interconnect the selected pad to cabling 
attached to the electronic pulsers and sensors. The experimental setup is 
sketched in Figure 10. 

The arrays are mounted on copper- 

A hand-soldered 

The laminated ferrite array is word-organized (linear select), i.e., the 
word lines carry full read and write currents and the digit lines carry digit 
currents and the sense signals. The array is operable in a one-crossover-per- 
bit mode at low power levels. 
digit current is applied in time coincidence with the write current, and nega- 
tive digit current is applied to store a binary "1". Thus a stored "1" can 
be disturbed by positive digits and vice versa. 

To store a binary "0" in a cell, a positive 

A "worst case" test program 

35 



TEKTRONIX 555 SCOPE 

\ 
TEKTRONIX 1121 AMPLlFlE 

LAMINATED FERRITE 
MEMORY ARRAY 

TEKTRONIX CT-2 CURRENT 
TRANSFORMER 

Figure 10. Experimental arrangement for measuring array operation. , 

is shown in Figure 11; the program incorporates the digit disturbs in combi- 
nation with "pre-write" pulses which tend to minimize the stored flux because 
of history. The pre-write effect, for example, causes a "1"written in a cell 
after a read-write of a "0" to be 
written after a read-write of a Y". 

I 

slightly weaker upon reading than a "1" ~ 

WRITE-READ "0" WRlrr DISTURB"1' WRITE -READ "I* DISTURB '0. 
50 TIMES 50 TIMES READ SOTIMES 0* SOTIMES READ 

DISTURBED DISTYRBED 
* I" d 

Figure 11. Memory test pulse program. 
1 

The experimental operating data to follow is divided into two parts: 
First, preliminary data which cover laminates made of a variety of compositions 
sintered under various conditions, in laminated array form, and second, a 
section covering the operation of the arrays with the best overall system 
characteristics. 

36 



C. Preliminary Data 

The preliminary data on laminate operation are summarized in Table 11. 
The test data on sample R-31 (a 256 x 100-conductor array of Composition No. 
19A) are repeated from an earlier report.I1 Although the average signal ob- 

- tained from this sample, 1.5 mV at 75-mA read current, is sufficiently high, 
there is an unacceptable lack of signal uniformity as seen in the histogram of 
Figure 12 .  This nonuniformity is due to a lack of physical homogeneity of the 
sample, i.e., the presence of large grains encompassing either entire memory 
cells or large fractions of a cell volume. These large grains are clearly 
visible in the cross section of Figure 13. The results obtained from array 
R-31 confirm the supposition that grain growth must be controlled to obtain 
uniform outputs from memory arrays. 

The sluggishness of switching in the samples of Composition No. 26E make 
them totally inoperable at drive currents on the order of 100 mA, and, in fact, 
to obtain signals on the order of 1 mV, a read current of nearly 400 mA is 
necessary. The explanation for the sluggishness is that the word lines adjacent 
to the one selected are not sufficiently isolated due to the low ferrite resis- 
tivity and act in a fashion similar to a shorted turn on a transformer, in- 
hibiting flux switching. 

The samples fabricated with Composition No. 28B are superior in operation 
to those of Composition No. 26E because of their higher resistivity. However, 
their performance in terms of signal amplitude is inadequate for reliable 

- system operation. This low amplitude is due to both slow switching and dis- 
turb sensitivity. The hysteresis loops for this material have a softness of 
corner usually associated with disturb sensitivity. See Figure 14 for an 
example. This softness can occur even though the Br/Bm ratio is high, as in 
the case of Composition No. 28B at most firing temperatures. 

The laminate series composed of Composition No. 41 served to confirm the 
need for fast switching properties. Our target for Sw is 0.5 Oe-psec or less; 
however, the bladed cores have values close to 1.0 at all three sintering 
temperatures (Table 11). A s  a result, the switching times of the sense signal 
are long, and the signal amplitude is consequently lower than it should be. 
Switching is also slowed by the relatively high coercive force. 

Samples of Composition No. 47 prepared at 1225°C firing temperature had 
the best combination of properties to achieve the desired system performance. 
Their Curie temperature is sufficiently high to permit operation over a temper- 
ature range of 0°C to 50°C with all currents held constant, as shown in 
Figure 15. The laminate operational data of Table I1 were taken on half planes 
(128  x 100 conductors) so as to determine optimum sintering conditions without 

I 
_._- expending the small number of fabricated samples available. Additional 256 x I 

100-conductor planes of Composition No. 47 have been prepared and more ex- 
tensive data on their operation are given in the next subsection. 
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i 
PEAK SIGNAL (mV) 

I 

Figure  12. Histogram of output  f o r  laminate s a m p l e s  R-31. 

I a 
Figure  14 .  

Hys te re s i s  loop  - Core 
I NO. 28749-95A. 
I 

1 

Figure  13.  
Pe t rographic  c ros s - sec t iona l  ' 

view of sample R-31. 
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? 
O P E  R A T I N G  C U R R E N T S  

Amp1 itude Width 
m A  psec 

'R  90 1 .o 

ID ? 10 1 .o 

' W  65 0.7 

-.25 0 25 50 15 

AMBIENT TEMPERATURE ('c) 

Figure 15. Signal output vs. temperature. Typical 
bit in Laminate No. 28749-97B. Switching 
time - 0.35 psec. 

D. Operating Arrays 

__ Two 256 x 100-conductor laminated ferrite arrays have been fabricated 
using Composition No. 47 fired at 1225°C. 
was tested to determine array operating characteristics and uniformity of out- 
put signal at room temperature. 
to determine the temperature stability of operation over the temperature range 
0°C to 50°C. The room-temperature behavior of the two planes is substantially 
identical as can be seen in the data to follow. 
write-disturb pulse program shown in Figure 11 is utilized. 

I I I characteristics would have been improved if the disturbs had been removed from 
the test program.) 

One of these arrays, Number 29271-37-A, 
I 
i The other array, Number 29271-42-A, was tested 

i 
In both cases, the read-disturb - I 

(The operating 

In the room-temperature test, the current drive pulse characteristics are: 
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TABLE V 

LAMINATE DRIVE CURRENT PARAMETERS 

250 

200 

UI t I S O -  
Y 
0 
a 

I 100- 1 

so 

Width a t  
50% P t s .  I Amp1 i tude I 

- 

- 

- 

0.6 I loo I IR (Read) 

I 5 (Write) 
70 I 0 * 5  

I,, (Digi t )  I +18 I 0.7 
I I 

R i s e  and 
F a l l  Time 

((lsec) 

0.30 

0.20 

0.25 

Under these  condi t ions ,  the  peak back vol tage  developed on the  word l i n e  
i s  9.5 mV per  b i t  f o r  an average peak s i g n a l  of s l i g h t l y  less than  2 3 mV, which 
is  0.25 p s e c  wide at t he  base. 
e x c e l l e n t ,  as i s  ev ident  i n  the  histogram of outputs  i n  Figure 16. These d a t a  
are f o r  every  e i g h t h  word l i n e  (32) and every seventh  d i g i t  l i n e  (14) f o r  a 
t o t a l  of 448 t e s t e d  b i t s .  The peak s i g n a l  levels are read  from an  osc i l l o scope  1 
t o  a n  accuracy of 2 0.25 mV. Thus, t he  histogram i s  a c t u a l l y  t h e  supe rpos i t i on  ' I of b a r s  0.4 mV wide a t  the  base.  The a r r a y  i s  operable  a t  read  c u r r e n t s  as low 
as 65 mA, bu t  a diminut ion of sense  s i g n a l  a t  t h e  rate of 0.5 mV per  10 mA i s  
s u f f e r e d  as t h e  read  c u r r e n t  i s  decreased from 100 mA. 

The uni formi ty  of s i g n a l s  i n  p lane  2927-37-A is  

I 
1 

0 - 1  I I I I I 1  

- 5  - 4  -3 - 2  -I 0 I 2 3 

DISTURBED 
'ON 

DISTURBED- 
'1. 

r 
PEAK SIGNAL mV 

I F igure  16. Histogram fo r  448 s c a t t e r e d  b i t s .  Laminate 
No. 29271-37A. Switching t i m e  - 0.25 psec. 
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Six teen  s c a t t e r e d  b i t s  i n  a r r a y  29271-42-A were t e s t e d  a t  1 0 ° C  i n t e r v a l s  
i n  the  temperature range 0°C t o  50°C. The d r i v e  c u r r e n t  amplitudes f o r  the 
e n t i r e  temperature range are: 

I =  98mA 

% =  60mA 

ID = +_ 16 mA 

- 
R 

w i t h  the  pulse  widths  and risetimes as shown i n  Table V. 
c u r r e n t s  are lower than those f o r  the  room-temperature tes t  because they  are 
optimal f o r  ope ra t ion  a t  5OOC. The v a r i a t i o n  of average, minimum, and maximum 
"1" and "0" s i g n a l s  w i th  ambient temperature i s  shown i n  Figure 17. The sense 
s i g n a l s  are 0.2 p s e c  wide a t  the base. All t h e  t e s t e d  b i t s  remain operable  
over t he  e n t i r e  temperature range. The temperature s t a b i l i t y  of th is  a r r a y  i s  
v a s t l y  improved compared w i t h  the a r r ays  of Phase I. Note t h a t  t he  o v e r a l l  
s i g n a l s  a t  room temperature are s l i g h t l y  lower than  f o r  plane 29271-378 because 
the  c u r r e n t s  used here  are optimized a t  50°C.  Higher d i g i t  and w r i t e  c u r r e n t s  
a t  room temperature r e s u l t s  i n  l a r g e r  s i g n a l s .  

The w r i t e  and d i g i t  
, 

I -  

-I 

3. 

- 
> 2. 
E 

I 
-J a z 
u) 

x 
U w 

Y 

2 

n 
I. 

Y I  
T T T T T  

T 

DISTURBED " 1" 
SIGNALS 

KEY t DISTURBED "0" 
SIGNALS 

A MAXIMUM SIGNAL 

o AVERAGE SIGNAL- 16 BlTS , . MINIMUM SIGNAL 

1 1 1  I l l  L l  I 1  1 1  I 
0 IO 20 30 40 50 0 10 20 30 4 0  50 

TEMPERATURE ("c) 
I ' Figure  17 .  S igna l  vs. ambient temperature.  Laminate 

No. 29271-428. Switching t i m e  - 0.2'psec. i 

I 

I 

I 
I 
i 
~ 

I n  conclusion,  the  performance of t he  256 x 100-conductor a r r a y s  f a b r i c a t e d  ' 

from Composition No. 47 i s  e x c e l l e n t  w i t h  r e s p e c t  t o  both  uni formi ty  and 
temperature  s t a b i l i t y .  Furthermore, t h e  a r r a y s  have opera t ing  requirements I 

t h a t  are compatible w i t h  in t eg ra t ed  c i r c u i t s  i n  general ,  and MOS i n t e g r a t e d  
c i r c u i t s  i n  p a r t i c u l a r .  

I 
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V I .  CONCLUSIONS AND RECOMMENDATIONS 

, 

On t h e  b a s i s  of r e s u l t s  presented i n  the  previous sec t ions ,  the  fol lowing 
conclusions are presented:  

(1) The materials goa ls  of the p r o j e c t ,  f o r  the  most p a r t ,  have been 
achieved. A s  compared w i t h  the  f e r r i t e  used i n  Phase I, the  new materials 
under the  p re sen t  con t r ac t  (Phase 11) have g r e a t l y  improved thermal p rope r t i e s .  
I n  add i t ion ,  t he  b e s t  materials of the present  i n v e s t i g a t i o n  have h igh  resis- 
t i v i t y ,  small gra ins ,  and good squareness;  however, t h e i r  Curie  temperature  
and coerc ive  force  va lues  do not  q u i t e  f u l f i l l  the  goal  requirements.  

(2) The systems goals  of t he  p r o j e c t  have been achieved. An operable  
memory a r r a y  of 256 x 100 crossovers  has  been f a b r i c a t e d  and t e s t e d .  
memory a r r a y  has e x c e l l e n t  opera t ion  over  the  ambient temperature range of 0°C 
t o  50°C without  thermal o r  cu r ren t  compensation. The output  s i g n a l s  are h igh  
and uniform, and t h e  back vo l t age  i s  low enough t o  permit  long words t o  be 
d r iven  by an  MOS switch.  

This 

(3)  The p resen t  i n v e s t i g a t i o n  has  achieved an  optimum f e r r i t e  f o r  t he  
s p e c i f i e d  goals ,  and a dramatic  f u r t h e r  g a i n  i n  c h a r a c t e r i s t i c  va lues  seems un- 
l i k e l y .  T h i s  conclusion i s  based on a thorough i n v e s t i g a t i o n  of t he  f e r r i t e  
systems most l i k e l y  t o  y i e l d  t h e  des i r ed  c h a r a c t e r i s t i c s .  However, moderate 
improvements i n  some of t h e  parameters, such as squareness,  coerc ive  force,  and 
swi tch ing  speed could r e s u l t  i n  a s u b s t a n t i a l l y  b e t t e r  systems performance. 

A recommendation f o r  f u t u r e  work, as a r e s u l t  of t he  present  research,  i s  
t o  i n v e s t i g a t e  some of these  ma te r i a l s  i n  more d e t a i l .  A few compositions, 

o b t a i n  improved processing q u a l i t y .  The inf luence  of v a r i a t i o n s  of t h e  
process ing  parameters, inc luding  mixing, gr inding,  and t h e  f i n a l  f i r i n g  con- 
d i t i o n s  should be inves t iga t ed .  Such an  i n v e s t i g a t i o n  could r e s u l t  i n  bo th  a 
lower coe rc ive  f o r c e  and a lower switching c o e f f i c i e n t .  

I such as No.  28B, 41, and 47 should be produced i n  p i l o t  p l a n t  q u a n t i t i e s  t o  
1 
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